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                           SUMMARY 
 
Measurement uncertainty (MU) is one of the most important topics in 
Electromagnetic Compatibility (EMC) field. MU calculation has been discussed 
specifically in many technical articles. However, due to the complexity of MU 
characterisation, the way of obtaining a correct and meaningful MU quantity together 
with its handling may cause confusion in the industry.  
The characterisation of MU aims to provide an appropriate tolerance/budget to the 
test laboratories, which is considered as a supplement to the measurement results of the 
equipment under test (EUT). The purpose is to make sure the test results of the same 
EUT, which are obtained in different laboratories are correlated. Thus, the EUT which 
passes the test at one laboratory will not fail at another. It is often time-consuming to 
identify MU budget as comprehensive measurements are required to obtain the 
individual instrumentation’s uncertainty. Regulatory authorities have taken the effort 
to set the MU budgets for commercial product testing standards. Both Electromagnetic 
Interference (EMI) and Electromagnetic Susceptibility (EMS) tests have their 
respective guidelines to determine the MU budgets for different frequency ranges. 
However, not all the testing laboratories have the technical know-hows in interpreting 
the standards. Furthermore, some important areas where measurement errors and MU 
may seriously affect the measurement results are not clearly defined in the standards. 
It is the purpose of this thesis to propose new approaches to further clarify the areas 
where not all detailed procedures on characterising MU contributions are available; and 
to provide additional knowledge to the existing measurement standards used in the 
industry. The main contributions of this thesis include (1) the proposed use of non-
equidistant stirrer positions to improve field uniformity and measurement uncertainty 
in the lowest usable frequency region when performing tests in a reverberation chamber, 
(2) new findings in EMI test systems where errors and MU are not explained in detail 
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in the standards, and (3) the proposed use of FFT-based time domain scan method for 
radiated spurious emission test and the finding of its accuracy and consistency.  
The results presented in this dissertation provide additional knowledge to the 
existing measurement standards used in the industry. They also have important 
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1 CHAPTER 1 INTRODUCTION 
1.1 Background 
Electromagnetic Compatibility (EMC) is considered as an important test for modern 
electrical and electronics products [1, 2]  The test is to make sure the equipment under 
test (EUT) shall be satisfactorily functional in the electromagnetic environment where 
it is exposed, without introducing substantial amount of electromagnetic emissions 
which may affect other products. In general, two main issues are considered in EMC 
tests which are emission (Electromagnetic Interference / EMI) and susceptibility 
(Electromagnetic Susceptibility / EMS) of the particular product. Emission is the 
generation of disturbance signal by the electrical and electronic product to the 
environment, whether intentionally or unintentionally. Susceptibility is the tendency of 
the equipment to be malfunctioned in the presence of any unwanted interferences. EMC 
tests focus on these two issues and verify whether the electrical and electronic product 
is compatible, with reference to the respective product standards [3].  
Both EMI and EMS activities are categorised into two tests: conducted test and 
radiated test. For these two cases, the tests focus on conducting paths and radiating 
paths respectively. Thus, as shown in Fig. 1.1, each EMC test can be categorised into 
below aspects: 
 conducted emission test 
 conducted susceptibility test 
 radiated emission test 
 radiated susceptibility test  
Since conducted part is referred as cable paths, the testing frequency range is often 
targeted from 9 kHz to 30 MHz, whereas for radiated part, the testing frequency is 
normally from 30 MHz to 18 GHz. However, it is worth noting that, different product 
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standards may have different frequency range requirements. For instance, military and 
automotive applications have wider frequency test ranges as compared to residential 
and industrial test standards. This thesis focuses on the residential and industrial 








Fig. 1.1 The main EMC tests 
Each EMC measurement is associated with numerous uncertainties in different parts 
of the system. The results obtained are never exactly correct. For most of the time, the 
measurement result is only an estimated value of the real quantity which is subjected 
to the uncertainty of the measurement equipment. Thus, the measured value is only 
meaningful when it is associated with an appropriate quantitative margin of uncertainty. 
In ISO Guide to the Expression of Uncertainty in Measurement (GUM) [4], 
measurement uncertainty (MU) is defined as a parameter, associated with the result of 
a measurement that characterises the dispersion of the values that could reasonably be 
attributed to the measurement.  
Measurement uncertainties may be divided into two classes: random errors and 
systematic errors, which depend on the precision and accuracy of the measurement 
apparatus. A random error is caused by unpredictable variation or fluctuation of the 
readings from repeated measurements, and it can be statistically analysed. A systematic 
EMC Test 
EMI Test EMS Test 
Conducted
  
Radiated Conducted Radiated 
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error is often referred as a fixed value for a discrepancy and shall be compensated when 
conducting a measurement. Fig. 1.2 shows the graphical illustration of the systematic 
and random errors. All measurement systems are prone to systematic errors. They could 
arise from imperfect calibration of measurement apparatus, improper observation 
methods, etc. For instance, the clock signal used in different measurement apparatus 
may vary from one another, causing a slight discrepancy in measurement frequency. 
Practically, all systematic errors shall be corrected. Thus the uncertainty related to a 
systematic error shall only be considered as the uncertainty of the correction itself. This 
correction uncertainty and its contribution to the uncertainty budget may be either Type 






Fig. 1.2 System and random errors 
Type A and Type B uncertainty evaluations provide similar information. The 
uncertainty contributions are categorised differently to indicate the procedures with 
which the data are obtained. Type A uncertainties are often introduced by unpredictable 
variation in the readings from the measurement apparatus, or in the interpretation of 
such readings by the experimenters. The evaluation method is based on statistical 
analysis of a series of independent observations. In another word, they should be 
evaluated statistically over repeated physical measurements. Type B uncertainties are 
those evaluated by other methods, such as information quoted with manufacturer’s 
specifications, calibration reports, data from previous measurements or scientific 




Offset of the mean of the 
systematic errors from true 
value 
Random errors around 
the mean value 
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a standard uncertainty. The standard uncertainties are simply the quoted values divided 
by the multiplier [4]. However, the quoted information may not always be given as a 
multiple of standard uncertainties, but associated with an interval of confidence level 
such as 95%. Unless otherwise specified, a normal distribution is always assumed and 
used to convert the quoted uncertainty to its standard uncertainty. The dividing factor 
in such a case will be corresponding to 1.96 for a 95% confidence interval. As shown 
in Fig. 1.3, there are four types of typical distributions used in deriving Type B 
uncertainty: 
 normal distribution 
 triangular distribution 
 rectangular distribution 
 U-shaped distribution 
Other than normal distribution, the triangular distribution states that the probability of 
the true value lying in the region between two limits which increase linearly to the 
maximum towards the center.  The best estimation of the value of true quantity will be 
quoted information divided by square root of six [4]. For rectangular distribution, the 
true value lying between the lower and upper limits is equally probable. U-shape is 
applicable when the measured value is unlikely to be the real value. These probability 
distributions describe the variations in probability where the measured value is likely 
to be the real value. Often, the assumption has to be made based on the prior knowledge 
and experiences, to determine which probability is more appropriate to be applied. 
To further process the uncertainty contributions, all individual uncertainty 
contributions are characterised into their respective standard uncertainties, which are 
statistically equivalent to standard deviations. After the standard uncertainty 
contributions are obtained, these components shall be combined, by applying root-sum-
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square of both Type A and Type B uncertainties. Equation (1) can be used to describe 
the combined standard uncertainty [4]: 










where 𝑢2(𝑥𝑖) is the square of standard uncertainty of the input quantity 𝑥𝑖  and the 










                                  
   (c)                                                                            (d) 
Fig. 1.3 Graphical illustration of probability for (a) normal distribution (b) triangular 
distribution (c) rectangular distribution (d) U-shape distribution 
It is worth noting that, the combined standard uncertainty evaluation procedures 
described above assume that the input standard uncertainties are not correlated with 
each other. It is further described in GUM, Section 5.2, that if the input quantities 
(𝑥1 and 𝑥2) are correlated with each other, equation (1) will be modified and correlation 
coefficient 𝑟 shall be introduced [4]: 
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It clearly shows that when the inputs are uncorrelated, where 𝑟 = 0, equation (2) 
will be reverted to the same as equation (1). It is rather complicated when dealing with 
input quantities which are correlated. For brevity, the procedures are not shown in this 
thesis. A “coverage factor” is often used to multiply the combined standard uncertainty 
which indicates the level of confidence of the measurement results. As a common 
practice, the multiplying factor of 2 which defines a confidence interval of ≈ 95% is 
mostly used. With the coverage factor determined, the final expanded uncertainty can 
be obtained as twice of the value of the combined standard uncertainty.  
1.2 Measurement Uncertainty in the Standards 
CISPR (Comité International Spécial des Perturbations Radioélectriques) is a 
technical committee of the International Electrotechnical Commission (IEC) 
established in 1933 to protect radio reception from interference. The CISPR standards 
are structured in three levels, which are basic standards, generic standards and product 
standards. These standards are drafted and nominated by CISPR subcommittees which 
have different roles in basic and product standards.  At the basic level, 16 parts of 
CISPR 16 series define the measurement apparatus, MU, test methods and facilities.  
Generic standards, referring to IEC 61000-6 series, comprise two parts for both 
emission and susceptibility measurements. The standards are applicable for both 
residential and industrial environment. Product standards are often more specific and 
in detail, describing the test requirements for certain product family. They provide 
detailed requirements such as allowable limits, EUT arrangement and test methods for 
specific product or EUT. The hierarchy illustration of different CISPR standards is 




Fig. 1.4 The hierarchy illustration of different CISPR standards 
Among the basic standards, CISPR 16-4-1 and CISPR 16-4-2 [5, 6] illustrate the 
uncertainties, statistics and limit modelling. CISPR 16-4-2 was first published in year 
2003. It serves as a specification of the methods for applying Measurement 
Instrumentation Uncertainty (MIU, same as MU in this thesis for brevity) when 
determining compliance with CISPR disturbance limits. The material is also relevant 
to any EMC test when the interpretation of the results and conclusions reached will be 
impacted by the uncertainty of the measurement instrumentation used during the test 
[6]. The possible MU contributions for both conducted and radiated disturbance 
measurements are identified in the standard. 
A system level of measurement uncertainty characterisation is always important, 
especially those associated with test setup and measurement equipment. CISPR 16-4-
2 states that measurement uncertainty should be taken into account when determining 
compliance or non-compliance of an EUT with a disturbance limit. This is also 
mentioned in the IEC 61000-4-3 [7] and IEC 61000-4-6 [8] standards for EMS testing. 
In the latest product standards update in 2015, a few standards have already started to 
adopt the full approach for the MU specified in [6]. Therefore, MU needs to be taken 
into account in the determination of compliance. On the other hand, MU is not required 
to be accounted for in some product standards during the product compliance 








report together with the measurement results. The latest updates on measurement 
uncertainty requirements by CISPR/IEC product standards are shown in Table 1.1 [9].  
Table 1.1 Measurement uncertainty status update for CISPR standards  
1.3 Motivation of the Research 
The Industrial Postgraduate Programme (IPP) is introduced by the Economic 
Development Board (EDB) Singapore to build up a pool of postgraduate manpower 
with critical R&D skill-sets for roles in industry through providing postgraduate 
training in a corporate R&D environment. The objective of the IPP is to establish a link 
between research study and industrial application. Rohde & Schwarz Asia (R&S) is a 
leading EMC solution provider in the region, and measurement uncertainty 
characterisation in EMC test is one of the important topics to the organization. The 
CISPR 
Standard  
Status of Implementation  CISPR Standard  Status of Implementation  
CISPR 11:2015 
(Ed. 6.0) [10] 
Full approach for MIU in 
accordance with CISPR 16-4-
2:2011.  
CISPR 22:2008 (Ed. 
6.0) 
  
Only calculation and 
documentation in the test 
report is required. 
Implementation of full 
approach not planned.  
CISPR 12:2009 
(Ed. 6.1)    
New normative Annex H will be 
added on the consideration of MIU 
in edition 7, publication expected in 
2016 
CISPR 25:2008 (Ed. 
3.0)  
No requirement to consider 
MIU. Implementation is 
under consideration.  
CISPR 13:2015 
(Ed. 5.1)  
In amendment 1 to Edition 5, both 
the measurement results and the 
calculated uncertainty shall appear 
in the test report. But MIU need not 
be taken into account in the 
determination of compliance. 
CISPR 32:2015 (Ed. 
2.0)  
Only calculation and 
documentation in the test 
report is required. 
CISPR 14-
1:2009 (Ed. 5.1) 
MIU not to be taken into account in 
the determination of compliance, 
only calculation, and 
documentation in the test report is 
required. Implementation of full 
approach will be part of Edition 6.  




Full approach in 
accordance with CISPR 
16-4-2:2011.  
CISPR 15:2013 
(Ed. 8.0)  
  
Full approach for MIU in edition 8, 




Full approach in 




motivation of the research is to provide an insight into the characterisation of the 
uncertainties which are not well defined in the standards. Meanwhile, the results 
obtained in the research are expected to have important implications for practical 
measurements and for the proper interpretation of measurement standards. 
1.4 Original Contributions of This Thesis 
Existing literature have provided certain additional knowledge to the generic 
standards, for instance, uncertainties related to measuring apparatus [11-13], 
uncertainties associated with conducted tests [14-17], antenna related uncertainties [18, 
19] and uncertainties related to the entire test system [20-22]. However, not all detailed 
procedures on characterising MU contributions are available. There are still areas 
which require further clarification, especially the way to characterise an instrument’s 
MU when the necessary information is not available in the manufacturing datasheet. 
Furthermore, a system level MU characterisation is always desired in the industry to 
supplement the generic standards and provide a clear picture for the test houses to carry 
out uncertainty identification, and subsequently its handling and treatment.  
 Uncertainty study of the reverberation chamber (RC) has attracted more attention 
for EMC test in the past decade. It is of interest in this thesis to improve the electric 
field uniformity and reduce the measurement uncertainties in the reverberation 
chamber especially at lowest usable frequency range. The characterisation of some 
important uncertainty contributions in EMI test systems are conducted and additional 
knowledge is provided to the existing measurement standards used in the industry. 
Furthermore, the accuracy and consistency of the measurement results using the newly 
adopted Fast Fourier Transform (FFT)-based time domain (TD) scan method for 
radiated spurious emission (RSE) test has also been investigated in this thesis. The 
original contributions of this thesis are as follows:  
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It is known that at the lowest usable frequency range, the reverberation chamber is 
often working at under-mode regime. The performance of the chamber is greatly 
affected since not enough independent samples can be collected during one complete 
stirrer/tuner rotation. In this thesis, a new mechanical stirring technique using non-
equidistant stirrer/tuner positions is proposed. By applying the new technique, the 
reverberation chamber performance can be improved at the lowest usable frequency 
range as compared to the conventional method. Better electric field uniformity is 
achieved with a smaller standard deviation of electric field of total data set (the average 
of three orthogonal electric field components Ex, Ey and Ez), thus the intrinsic field 
uncertainty is reduced and overall MU is improved. 
Some of the important MU contributions in a typical radiated emission test system 
have been characterised in this thesis. These areas have not been investigated in depth 
either in the current standards or in the existing literature. For instance, the detailed 
methods and procedures to obtain pre-amplifier gain variation due to temperature 
change are not clearly defined in CISPR 16-4-2 or in other literature. Therefore, further 
consideration and characterisation of this MU contribution is necessary to avoid 
confusions and measurement discrepancies in the industry. The results obtained in this 
thesis have significant contributions to the industry in the MU identifications and 
treatments by providing additional knowledge to the existing standards.     
The use of FFT-based time domain scan method for RSE measurement is getting 
more and more popular in the industry. However, the comparison of accuracy and 
consistency using the TD scan method and the conventional sweep method is not 
reported in the literature. In this thesis, the performance of both methods is compared 
for GSM 900 and GSM 1800 tests. Theoretical background of achieving the 
comparable accuracy using TD scan method compared to sweep method has been 
provided. The result of standard deviation of repeated measurements is also calculated 
and presented. It serves a purpose to provide additional knowledge to the industry on 
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the reliability and measurement uncertainty (through repeatability study) of the TD 
scan method for RSE measurement.  
Some of my research results have been adopted by Rohde & Schwarz Asia and the 
development of “Measurement Uncertainty Calculation Software” (MUCS) has been 
proposed to the software development team. The purpose of this software is to enable 
EMC labs which follow commercial EMC standards to calculate their MU, without the 
need for additional manpower from the labs. It will ensure that the test reports adhere 
to the standards’ requirements by appending the MU calculation to the EMC 
measurement results as a separate chapter or appendix. Important findings in my 
research work have been incorporated into the software, such as the preamplifier gain 
variation due to temperature change, Artificial Mains Network (AMN) impedance and 
the in-depth interpretation of the MU contributions from the standard.  
For instance, the AMN used in the conducted emission test is associated with a few 
MU contributions, and one of the important uncertainty contributions is AMN 
impedance uncertainty δZAMN. It is often time consuming and computation-intensive to 
obtain AMN impedance uncertainty, and some test houses even do not have the 
technical know-hows to obtain this value.  
Furthermore, the consideration of the MU associated with the AMN impedance 
calibration is also missing in the current standard or literature. A specific model has 
been developed to consider the MU associated with the AMN impedance calibration 
by evaluating a selected number of combinations of different calibration MU 
impedance amplitude and angle with a proper step size. The worst case AMN 
impedance uncertainty can be obtained by comparing the results from these 
combinations within MUCS. With this work, I hope to continue to contribute to the 
industry in the MU field.  
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1.5 Outline of the Thesis 
The remaining of the thesis is organised into five parts. Chapter 2 introduces 
theoretical aspects of the reverberation chamber and establishes the link between theory 
and actual EMC measurement in a reverberation chamber. In Chapter 3, the electric 
field uniformity and intrinsic field uncertainty in a reverberation chamber is addressed. 
Non-equidistant tuner positions as a new mechanical stirring technique is proposed to 
improve the reverberation chamber performance when the measurement is carried out 
at the lowest usable frequency (LUF) range. Simulation and measurement results have 
been obtained and compared, and the good agreement proves that the method proposed 
has superior performance compared to the conventional methods mentioned in the 
standard at the under-mode regime. Chapter 4 presents new findings on the MU 
characterisation in some important areas which have not been addressed in the existing 
literature or the standards. Information about the proposed software MUCS which 
incorporates some of the results mentioned in this chapter is also briefly introduced. 
The comparison of the accuracy and consistency for the use of the TD scan method and 
conventional sweep method in RSE measurement is discussed in Chapter 5. Finally, 
results presented in this thesis are summarised in Chapter 6, and some suggestions for 






2 CHAPTER 2 REVERBERATION CHAMBERS FOR EMC APPLICATIONS 
2.1 Background 
Reverberation chambers (RCs) are often referred to as enclosures with conducting 
and electromagnetic reflective surfaces. A transmitting antenna is used as the excitation 
source within the chamber, and an arbitrarily-shaped metallic paddle with a function of 
“stirring” electromagnetic fields is used to continuously change the chamber's 
boundary conditions [23-26]. The chamber behaves like a multi-mode resonator in 
which the modes create interference with each other due to the conductive walls, which 
results in interference of the electric field within the chamber. By rotating the paddle, 
different modes of the resonances are “stirred” and a statistical environment is created 
to achieve a time-averaged, spatially homogeneous field distribution within the 
chamber [27]. An illustration of a typical RC is provided in Fig. 2.1.  
During one stirrer rotation, samples of electric field strength (in volts) or power (in 
watts) can be collected. The samples collected are used for statistical analysis and the 
number of samples required is determined by the stirrer step size. Typically, the 
samples collected are not always independent from each other. It is desirable, however, 
to obtain more independent samples, as the uniformity of the electric field in the 
chamber is directly affected by the number of independent samples. Only when electric 
field uniformity is achieved, the average of the power measured at any position within 
the working volume can be considered constant (within a certain tolerance) [28].   
The concept of using RCs for EMC testing was first proposed in 1968 [28], and it 
has taken some time for the industry to accept such a concept. During the 1990s, the 
use of RCs increased rapidly, and their use in various aspects of EMC testing was 












Fig. 2.1 Reverberation chamber illustration  
In 2003, an international standard was published on the use of RCs for conducting 
EMC tests and measurements [36]. RCs are used for both EMI and EMS tests, and have 
several important advantages for performing EMS test as compared to the anechoic 
chambers. These advantages include:  
 low chamber building cost; 
 the capability of achieving high electric field strength (often required in 
military or automotive test standards) with relatively low input power, which 
is typically preferred by the industry as high power amplifiers are very costly; 
 a broad operating frequency range (above the lowest usable frequency);  
 no requirement for rotation of the EUT; and 
 suitable isolation/shielding from the external environment. 
RCs, however, also have disadvantages when compared to anechoic chambers, such as 
the loss of polarisation information from the EUT, and difficulties in interpreting 
measurement results. Nonetheless, despite their disadvantages, RCs remain as 










This chapter discusses some of the important theoretical background and concepts 
which argue well that RCs can be used as EMC measurement facilities. The concepts 
discussed will provide the basic guideline for Chapter 3, which investigates RC 
performance at the lowest usable frequency range. Prior to the experiment mentioned 
in Chapter 3, the actual chamber used for practical measurement in this thesis has been 
validated with respect to loaded/unloaded calibrations, the quality factor, and time 
constant. The results are presented and discussed in this chapter.  
The cavity mode theory is discussed in Section 2.2 of this chapter, including how it 
can be applied to the RC for electromagnetic field calculation. The definition of quality 
factor and time constant of the RC is introduced in Section 2.3. In Section 2.4, the 
important parameters and characteristics of RCs are discussed and presented for a better 
understanding of using RCs for EMC applications. The actual chamber validation is 
discussed in Section 2.5. Finally, the conclusions are presented in Section 2.6. 
2.2 Cavity Mode Theory 
Cavity mode theory has been studied in depth in previous literature [37-39]; and 
some of the important RC-related results are summarised in this section. In the industry, 
most RCs are rectangular-shaped. Thus, this section will focus only on the 
electromagnetic properties of a rectangular cavity. For a rectangular metallic cavity, as 
shown in Fig. 2.1, the wave numbers (eigenvalues) can be derived from: 
 𝑘𝑙𝑚𝑛
2 = 𝜔𝑙𝑚𝑛















      (3) 
 
where klmn is the eigenvalue; l, m and n are integer numbers, referred to as mode 
coefficients; and a, b and d are the width, height and length of the chamber, respectively. 
In the mode counting, Transverse Electric (TE) or Transverse Magnetic (TM) modes 
are always considered for each eigenvalue. In the consideration of the non-evanescent 
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components, when lmn are non-zero values, each eigenvalue will have two types of 
modes: the TElmn and TMlmn modes. When l = 0, only a TE0mn mode exists for each 
eigenvalue. When m = 0, only a TEl0n mode exists for each eigenvalue. When n = 0, 
only a TMlm0 mode exists for each eigenvalue [40]. In general, for TE modes, the mode 
coefficients l, m and n are integers, and either l or m can have a value of 0; however l 
= m = 0 is not allowed. For TM modes, the mode coefficients l, m and n are integers 
where n can have a value of 0. 
When the number of modes are assessed in the cavity using the mode counting 
method, the total number of modes with eigenvalues klmn of less than or equal to k (a 
practical limit for the propagation of modes) [41] can be described as: 
 𝑁 = 𝑁1 + 𝑁2 + 𝑁3 + 𝑁4 + 𝑁5 (4) 
   
where N1 represents TMlmn modes, N2 (= N1) represents TElmn modes, N3 represents 
TMlm0 modes, N4 represents TE0mn modes, and N5 represents TEl0n modes. Equation (4) 
can be numerically evaluated; however the computation is intensive. Another method 
of mode counting [28] is stated in (5), which is an improved version of the original 
Weyl’s approximation: 












           (5) 
where a, b and d represent the length, width and height of the cavity. The choice of 
chamber length, width and height will affect the degeneracy of the modes – the 
fluctuating part of the total number of modes. In a practical design consideration, the 
ratio of 𝑎2:  𝑏2:  𝑑2  should not be too mutually rational in order to reduce the 




A further important chamber design parameter which must be assessed is mode 
density, which determines the number of modes which could be presented in a small 
bandwidth about a given frequency [28]. By differentiating equation (5) with respect 
to f, the mode density can be obtained as: 




𝑎 + 𝑏 + 𝑑
𝑐
 (6) 
A graph showing mode density against frequency (from 400 MHz to 1 GHz) is 
presented in Fig. 2.2. It indicates that, from around 500 MHz onwards, the Rohde & 
Schwarz Asia RC, with dimensions of a = 2.25 m, b = 1.95 m, and  
d = 2.03 m, has a mode density greater than 1. This implies that spatial field uniformity 
may be difficult to achieve below 500 MHz.  
 
Fig. 2.2 Mode density against frequency for RC used in R&S 
The mode count in the cavity has been discussed; and the resonance frequencies 
existing in the cavity shall be investigated. For the aforementioned RC, the resonance 






















where µ and ε are the permeability and permittivity of the medium inside the cavity. It 
should be noted that equation (7) is a transformation of equation (3). It is always 
important to be aware of the modal condition inside the RC. Practically, in order to 
achieve spatial field uniformity, different modes need to be excited within the chamber.  
2.3 Q Factor 
Another important parameter to be considered in the design of an RC is the quality 
factor (Q factor), which is intrinsic to the chamber dimensions and chamber 
construction material (wall loss). Q factor has been defined in [42]: 
     𝑄 =
𝜔𝑈
𝑃d
   (8) 
 
where ω is the angular frequency, U is the energy stored in the cavity, and Pd  is the 
power dissipated in the cavity. U can be determined by: 
   𝑈 = 𝑊𝑉 (9) 
 
where V is the volume of the chamber, and W is the energy density. The energy density 
depends on the electric fields in the cavity: 
    𝑊 = 𝜀0𝐸
2  (10) 
 
where ε0 is the permittivity of the medium in the cavity (free space), and E is the root 
mean square of the electric field. For steady-state condition, the transmitted power Pt 
and the power dissipated in the loss mechanisms Pd are equal [42]: 
 𝑃t =  𝑃d (11) 
If the result shown in (11) is substituted into (8), (9) and (10), then the mean squared 







The average received power is determined by the product of the scalar power 
density 𝐸2/𝜂 and the effective area 𝜆2/4𝜋 of an isotropic antenna, multiplied by a 
polarisation mismatch factor of one half [43]. Thus, the final representation of the 










To further relate the average received power to the transmitted power, the result of (12) 
is substituted into (13). The average received power can now be deduced as a function 
of the transmitted power, as presented in (14): 





where 𝜂 = 1/𝑐0𝜀0, 𝑐0 is the speed of light in free space, and ε0 is the permittivity of the 
free space. It is worth noting that the presence of the receiving antenna will not affect 
the validity of equation (11), as power dissipated in the loads of the receiving antenna 
has been accounted for as one of the power loss in the cavity in evaluating Pd; and no 
additional power is introduced into or removed from the cavity. Thus, to obtain the 
chamber Q factor, equation (14) can be re-arranged as: 







Equation (15) is applicable to an impedance-matched, lossless receiving antenna; 
however dissipative or mismatch losses can be accounted for by modifying the 
effective area of the receiving antenna [40].  
20 
 
Another assessment of Q factor concluded in [23] has shown that, besides the 
frequency domain method described in (15), the Q factor can also be derived from the 
chamber time constant τ [41]: 
 𝑄 = 2𝜋𝑓𝜏 (16) 
In comparison to (15), this method of obtaining the Q factor could diminish the 
contribution of the antennas involved, leaving just the effect of the chamber alone. 
2.4 EMC Measurement in RCs 
The basic cavity mode theories have been introduced in Section 2.2, and the modes 
and resonance frequencies which can be excited in an RC have been discussed.  
Q factor-related information has been introduced in Section 2.3. These theories and 
information are necessary in understanding the basic RC working principles. The 
typical RC facility used for EMC applications is presented in Fig. 2.3.  
This section introduces further important parameters in carrying out EMC testing in 
the RC. Detailed chamber validation methods using RCs are also discussed with respect 
to IEC61000-4-21 [36]. The main purpose of this section is to discuss the important 
parameters of an RC for EMC applications.  
2.4.1 EMC Standards Using Reverberation Chambers 
As mentioned earlier, the basic standard for the use of RCs in EMC applications is 
IEC61000-4-21 [36]. The standard was first published in 2003 and was later updated 
in 2011. It provides a comprehensive coverage of chamber validation, radiated 
immunity, and radiated emission applications. It is the most widely adopted standard 
across the industry. There are, however, other standards for EMC measurement using 
RCs. For example, the manufacturer-specific standards covering radiated immunity 
testing of automotive and military applications in RCs are [41]: 
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 J551‐16: Vehicle‐level radiated immunity tests  
 J1113‐27: Component‐level radiated immunity tests 
 J1113‐28: Component‐level radiated immunity tests  
 GMW3097 / Ford ES‐XW7T‐1A278‐AC: Vehicle‐level radiated immunity 
tests 
 MIL-STD-461F: Military EMC tests 
It is worth noting that, at present, RCs have not been widely accepted. With the 
development of further technology, however, it is likely that RCs will become more 
accepted within the industries.  
 
Fig. 2.3 Typical reverberation chamber facility [36]  
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2.4.2 Working Volume 
The chamber working volume is bounded by eight points within the chamber, which 
are of sufficient distance from the walls to avoid boundary effects [36]. Typically, the 
working volume is defined by a cubic region at λ/4 from the walls, and the EUT is 
placed in such a working volume during the actual test. 
2.4.3 Lowest Usable Frequency 
Lowest usable frequency (LUF) is often referred to as the minimum operational 
frequency of the RC. It is determined by several parameters, including chamber size, 
shape, and Q factor. In practical consideration, LUF is often defined as 3fs where fs is 
the first resonance frequency of the chamber. For the definition provided in the standard, 
LUF is the lowest frequency at which the specified field uniformity can be achieved 
within the chamber's working volume [36].  
2.4.4 Field Uniformity 
For this thesis, the field uniformity shall be validated for the first decade from the 
LUF in the working volume. An electric field probe shall be placed at the eight corner 
locations of the working volume to capture the electric field strength (V/m). At each 
location, three orthogonal electric field components (Ex, Ey and Ez) shall be recorded 
Table 2.1 Field uniformity tolerance requirements [36] 
Frequency range MHz 
Tolerance requirements for standard 
deviation 
80 to 100 4 dB a 
100 to 400 
4 dB at 100 MHz decreasing linearly to 3 dB 
at 400 MHz a 
Above 400 3 dB a 
a   A maximum of three frequencies per octave may exceed the allowed standard 
deviation by an amount not to exceed 1 dB of the required tolerance. 
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over the frequency band for each stirrer step. The data shall then be further processed. 
Maximum and average received power, maximum field strength for each axis, and 
average input power over the tuner rotation shall be recorded [36]. For brevity, the 
detailed procedures for handling the data are not presented in this thesis. The tolerance 
requirements of the standard deviation of the individual components Ex, Ey and Ez, and 
the total data combination of the three axes, are specified in Table 2.1. For ease of data 
processing, the minimum number of samples to be collected is summarised in [36]. A 
typical set of probe data, which is normalised to the mean of the eight maximum probe 
readings (x-axis data for clarity) at each frequency, is presented in Fig. 2.4 [36]. The 
number of steps used to collect the data shown in Fig. 2.4 was set prior to determining 
the values in Table 2.2, and it is shown that the entire validation is conducted through 
four frequency subranges, and the minimum number of samples from the lowest usable 
frequency is twelve. 
 




Table 2.2 Sampling requirements [36] 
Frequency range 
Minimum number of samples a  
required for validation and test d 
Number of frequencies b 
required for validation 
fs to 3 fs c 12 20 
3 fs to 6 fs 12 15 
6 fs to 10 fs 12 10 
Above 10 fs 12 20/decade 
a   The minimum number of tuner steps is 12 for all frequencies. For many chambers the 
number of tuner steps will need to be increased at the lower frequencies. The maximum 
number of tuner steps is the number of independent samples that a given tuner can 
produce. This number varies with frequency and needs to be verified when 
commissioning the chamber. In the event that the chamber fails to meet the uniformity 
requirement, the number of tuner steps may be increased up to the number of 
independent tuner samples.  
 
b  Log spaced. 
 
c  fs = Start frequency (see A.1.3 for LUF) 
 
d The tuner sequencing used for validation of the chamber shall be the same as for 
subsequent testing. 
2.4.5 Chamber Loading Effects 
The impact of chamber loading on field uniformity shall be checked, and the 
maximum acceptable loading of the RC must be determined. The EUT is said to load 
the chamber when the energy absorbed by the EUT is no longer able to maintain the 
chamber field uniformity. The checking of loaded chamber validation shall be carried 
out before the chamber can be used for EMC tests. Chamber loading is verified using 
the ratio below: 





where AVF (antenna validation factor) is the ratio of the average received power to 
input power, and 𝐴𝑉𝐹 =  〈
𝑃AvgRec
𝑃input
〉. Chamber loading has been practically discussed in 
Section 2.5.2, in addition, the detailed information can also be found in [36]. 
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2.5 Chamber Validation 
2.5.1 Unloaded Calibration 
The experimental investigations for this chapter were carried out in the R&S RC, as 
shown in Fig. 2.5. Prior to the investigations, the chamber was validated in both 
unloaded and loaded conditions. For the unloaded validation, the chamber working 
volume was cleared, and a receiving antenna was placed at an arbitrary position and 
orientation within the working volume of the chamber. The E-field probe was placed 
in the eight corner locations of the working volume to capture the E-field strength. The 
standard deviation is calculated using data from each probe axis as well as from the 
total data set [36]:    




where σ is the standard deviation, and 〈𝐸〉  represents the arithmetic mean of the 
normalised vectors for each probe axis as well as for the total data set.  
 
 









Fig. 2.6 Standard deviation for E-field components of eight probe positions for x, y, z 
and total data set with (a) 5% frequency step 400 MHz -1000 MHz (b) 5% frequency 




The calculated standard deviation of the measured maximum E-field strength in the 
eight probe positions for the x, y, and z axes and total data set have been presented in 
Fig. 2.6 (a), (b), and (c). Due to the limitations of single power amplifier operating 
frequency, the testing was performed in three frequency ranges: 400 MHz - 1 GHz; 1 
GHz - 8 GHz; and 8 GHz - 18 GHz. Referring to Table 2.1, the standard deviation of 
all axes and the total data set passed the field uniformity requirement.  
2.5.2 Loaded Calibration 
A one-time check of the chamber’s field uniformity is required in order to determine 
if the chamber is adversely loaded by EUT, as stated in [36]. A sufficient amount of 
absorber material must be placed at random locations within the chamber working 
volume, as shown in Fig. 2.7. The absorbing materials typically used are charcoal, 
ferrite, and foam.  
 









Fig. 2.8 Standard deviation for E-field components of eight probe positions for x, y, z 
axes and the total data set with: (a) 5% frequency step 400 MHz - 1000 MHz; (b) 5% 




Similar procedures as outlined in Section 2.5.1 are followed, with field probe and 
receiving antenna maintained at a distance of greater than one quarter wavelength from 
any absorber. The field uniformity is calculated using the data from the eight locations 
of the E-field probe. If the standard deviation exceeds the allowable limits as stated in 
Table 2.1, the chamber is said to be loaded to an unacceptable point [36]. The amount 
of the absorbing material should then be reduced and the calibration procedure repeated 
until the maximum loading is found.  
After many trial tests and adjustments to the amount of absorbing material, the 
maximum loading condition was achieved for the frequency ranges of 400 MHz - 1 
GHz, 1 GHz – 8 GHz and 8 GHz – 18 GHz of R&S RC. Similar to the field uniformity 
evaluation mentioned in Section 2.5.1, the standard deviation for E-field components 
of eight probe positions for x, y, z and total data set has been calculated and presented 
in Fig. 2.8 (a), (b) and (c). It is shown that with the given amount of the loading material, 
the standard deviation of the x, y, z and total data set fulfil the field uniformity 
requirement referring to Table 2.1. The maximum chamber loading has also been 
calculated using equation (17) described in Section 2.4.5 for different frequency ranges 









Fig. 2.9 Maximum chamber loading of: (a) 400 MHz - 1 GHz; (b) 1 GHz - 8 GHz; 
and (c) 8 GHz - 18 GHz. 
Maximum chamber loading verification is required only once during the life of the 
chamber, or after major modification to the chamber [36]. For this thesis, however, a 
load check with EUT and its supporting equipment in place shall be carried out prior 
to performing each test. The same procedure for finding the maximum chamber loading 
shall be used for the load check with EUT’s presence.  
The chamber loading factor (CLF) shall be obtained during the load check while 
EUT is in place, by taking the ratio between the average received power measured with 
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the EUT in place and with the empty chamber. The maximum chamber loading 
previously calculated is then used to compare with the CLF. If the CLF is greater than 
the maximum chamber loading, the chamber may have been loaded to the point where 
field uniformity is not achieved. In this case, chamber uniformity checks as described 
in Section 2.5.1 shall be repeated with EUT in place. It is also worth noting that the 
chamber loading effects will affect both radiated and immunity tests.  
2.5.3 Q Factor and Time Constant  
The above calibrations, as outlined in Sections 2.5.1 and 2.5.2, are based on 
continuous wave (CW) excitation. When using modulated waveforms, the Q factor 
must be taken into consideration. Referring to equation (15), when EUT is in place and 
taken into consideration with the antenna efficiency factors, the Q factor can be 
obtained using [36]: 








where 𝜂Tx and 𝜂Rx are the antenna efficiency factors for the transmitting and receiving 
antennas respectively, which can be assumed to be 0.75 for log periodic antennas and 
0.9 for horn antennas. V is the chamber volume and λ is the free space wavelength at 
the specific frequency. 𝑃AveRec is the average received power over one tuner rotation 
and 𝑃Input is the forward power averaged over one tuner rotation. The measured Q 









Fig. 2.10 Measured chamber Q factor of: (a) 400 MHz - 1 GHz; (b) 1 GHz - 8 GHz; 
and (c) 8 GHz - 18 GHz. 
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The time response of the chamber shall be fast enough to accommodate pulsed 
waveform testing. It corresponds to the time constant τ of the chamber described in 






The measurement results of chamber time constant from 400 MHz to 18 GHz are 
presented in Fig. 2.11. It is mentioned in [36] that the chamber time constant should 
not be greater than 0.4 times any test waveform pulse width for more than 10% of the 
test frequencies; otherwise absorbers must be added to the chamber or the pulse width 










Fig. 2.11 Measured chamber time constant of: (a) 400 MHz - 1 GHz; (b) 1 GHz -  
8 GHz; and (c) 8 GHz - 18 GHz. 
2.6 Conclusion 
This chapter has introduced the theoretical background of RCs which, as alternative 
facilities for EMC measurements, have important advantages over anechoic chambers. 
Such advantages include a low building cost and a capability to generate a high electric 
field with low input power. Chamber characteristics which are important for the actual 
EMC applications are discussed in Section 2.4. The chamber loading and unloading 
calibration, as well as the measured Q factor and time constant, are discussed in Section 
2.5. The chamber validation works in this section are crucial to the investigation carried 
out in Chapter 3.  
This chapter provides an important link between the theoretical background and the 
practical use of RCs for EMC measurements. It also provides the basic guideline for 






3 CHAPTER 3 INVESTIGATION OF FIELD UNIFORMITY AND 
UNCERTAINTIES IN A REVERBERATION CHAMBER AT  
LOWEST USABLE FREQUENCY 
Measurement uncertainty (MU) in an RC is generally contributed by the insertion 
loss of the chamber and the impedance mismatch between the EUT and the receiving 
antenna. A thorough research of MU in an RC has been discussed in [44]. Compared 
with other test methods, some MU contributions are also applied to an RC, such as 
antenna factor, site imperfection, and ambient (noise) aspects. The major MU 
contributions in an RC, however, are generally in respect to field properties and 
statistical aspects.  
In this chapter, an analysis of field uniformity and uncertainties related to an RC in 
the lowest usable frequency (LUF) is discussed. In Section 3.1, the intrinsic field 
uncertainty (IFU) of the RC is introduced. An investigation of field uniformity and 
uncertainty at LUF is discussed in Section 3.2, where both simulated and measurement 
results are analysed and compared. Conclusions are drawn in Section 3.3. 
3.1 Intrinsic Field Uncertainty 
In addition to the measurement instrumentation uncertainty outlined in [5, 6], 
intrinsic field uncertainty is specified as one of the largest MU contributions towards 
the total uncertainty budget of the RC. However, the evaluation of IFU is only 
meaningful when an RC is in its ideal working condition (over-mode regime). For 
typical operational conditions, the magnitude of the MU contributed from IFU is 
greater by one or more orders than the measurement instrumentation uncertainty [44]. 
In general, a characteristic of EMC/EMI testing in an RC is that the contribution of IFU 
to the MU is limited only by the number of independent stir states N that are generated 
[44]. The standard error of the average received power in the chamber decreases with 
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N in accordance with 1/√𝑁. Thus, IFU can be reduced by improving the stirring 
mechanism or by increasing the number of stirrers for a more consistent averaging in 
the chamber.  
3.2 Investigation of Field Uniformity at Lowest Usable Frequency 
Unlike the mode-stirred operation, an RC using the mode-tuned operation has a 
mechanical tuner rotating in a discrete stepwise manner [24, 45-47]. The number of 
independent samples which can be obtained during one tuner rotation has been 
considered as one important factor which may affect the chamber performance with 
respect to electric field uniformity and MU. As discussed in the previous section, MU 
in the reverberation chamber depends substantially on its IFU. IFU, however, is 
determined by the number of independent samples which the stirrer/tuner can generate 
in the RC. It has been revealed that, near the LUF, the RC is working in the under-
mode regime. As a result, it is often difficult to achieve field uniformity and the samples 
collected in one tuner rotation may be correlated; therefore affecting the measurement 
accuracy and reproducibility.  
A number of works have been conducted in attempts to improve chamber 
performance by analysing the uncorrelated field distributions in the RC. These works 
focus on: 
1) tuner positions [48-50] and design parameters [51-55].  The effects of different 
tuner positions and design parameters have been discussed in the cited works. 
However, there is no significant improvement with these technique when the 
chamber is working in the under-mode regime.   
2) measurement correlations. For instance, effective sample size estimation based 
on the spatial degrees of freedom method [56], autocovariance method [57], 
autoregressive method [58], and sample differences method [59]. These works 
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focus on the assessment of the measurement correlations using different 
approaches. The proposed methods are able to effectively estimate the number 
of independent samples; however there is no practical method for generating 
adequate independent samples as proposed in these works. 
Currently, only a small number of works have concentrated on chamber performance 
at low frequencies [60, 61]. The method proposed in [60] of adding absorbing material 
inside the chamber ensures a better performance at the LUF range; however this method 
may increase the chamber loading and is not suitable for a small chamber. The work 
mentioned in [61] only provides the validation results in addition to the standard, and 
no significant improvement method is proposed. 
Chamber validation for the mode-tuned operation has relatively flexible 
requirements at low frequencies, e.g., the tolerance requirement for the electric field 
standard deviation at 80 MHz is 4 dB and decreases linearly to 3 dB at 400 MHz. 
Furthermore, a maximum of three frequencies per octave is allowed to have a standard 
deviation exceeding the tolerance required by 1 dB [36]. However, despite the 
relaxation of the requirement at low frequencies, it is still desirable to achieve a low 
electric field standard deviation, as more accurate measurement results can be obtained 
closer to the LUF.  
This section focuses on the electric field uniformity and measurement uncertainty 
investigation by improving the number of independent samples collected during one 
stirrer rotation, at LUF range, for both immunity and emission testing in an RC. The 
use of non-equidistant tuner positions is proposed, and compared with the conventional 
equal step size method. The main purpose is to reduce the impact of the tuner 
symmetries near the LUF. As the use of non-equidistant tuner positions acts as sample 
shuffling, periodicity will be disturbed, and fewer correlated samples can be obtained 
during one tuner rotation. The investigation is conducted through intensive simulations 
based on empirical study.  
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Test set up parameters (different transmitting antenna orientations as well as random 
sets of discrete, non-equidistant tuner positions), which offer significant improvements 
in electric field uniformity compared to conventional equidistant tuner positions, are 
selected and discussed. The results are then verified with actual measurements in the 
chamber. 
3.2.1 Geometry and Test Set-up 
The RC performance using different transmitting antenna orientations and random 
sets of discrete tuner positions are simulated using CST STUDIO SUITE® 2015, and 
the model is shown in Fig. 3.1. The RC’s dimensions are 2.25 m in length, 1.95 m in 
width, and 2.03 m in height. Only one tuner is used in the simulation model due to the 
chamber's relatively small size. The paddle size is 0.5 m x 0.6 m x 1.5 m, and three 
elliptical holes of different sizes are made in the paddle’s upper, lower, and central 
elements for better stirring performance. The simulation model's LUF is 400 MHz. A 
log-periodic antenna is used as the transmitting antenna, with operating frequencies 
from 300 MHz to 7 GHz, and excited by the ideal power source. The transmitting 
antenna is placed in the chamber with two different orientations, as shown in Fig. 3.1, 
to observe the effects on the electric field uniformity with the use of different incident 
angles. Such orientations are: 1) parallel to the x-y plane and pointed to the tuner; 2) 
and then, rotated 45 degrees clockwise with reference to the feeding point. 
To study the performance of the RC near the LUF with the minimum required tuner 
positions stated in [36], twelve tuner positions are chosen in the experiment as the worst 
case scenario. In fact, it is not necessary to further increase the tuner steps since both 
simulation and measurement results of this investigation fulfil the uniformity 
requirement stated in [36].  
As mentioned in the previous section, the choice of non-equidistant tuner positions 
is based on empirical study, and through intensive simulation of the electric field 
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uniformity within the chamber. An initial set of non-equidistant tuner positions is 
proposed based on:  
 𝑃(𝑛) = 2𝑛(𝑛 + 3)    (21) 
 
where n = 0, 1, 2…11. The positions are then obtained as 0, 8, 20, 36, 56, 80, 108, 140, 
176, 216, 260, and 308 degrees respectively (Set 1 positions). The differences between 
two adjacent steps are non-equal, with an increasing factor of 4 degrees. To further 
compare the effects of different step sizes, five other sets of non-equidistant positions 
are generated by randomly altering the differences between the adjacent steps of Set 1 
positions. The chamber performance, in terms of electric field uniformity, using all five 
different sets of non-equidistant positions, is then simulated. Together with Set 1 
positions, the set of non-equidistant positions (Set 2 positions) with the best 
performance among the other five sets of data is selected and compared with the 
conventional equidistant tuner positions. For brevity, only the simulation and 
measurement results of using equidistant and Sets 1 and 2 non-equidistant tuner 














of interest, the investigation is conducted in the frequency range from 400 MHz to 
800MHz, with a total of eleven frequency points. 
Table 3.1 Non-equidistant tuner positions selected in the investigation 
Set 1 positions (degree) 0, 8, 20, 36, 56, 80, 108, 140, 176, 216, 260, 308  
Set 2 positions (degree) 0, 27, 42, 66, 93, 116, 148, 176, 215, 236, 280, 328 
It cannot be guaranteed that the selected non-equidistant tuner positions are the 
optimum solution; however it is of interest for this investigation to demonstrate the 
superiority of using non-equidistant tuner positions over equidistant tuner positions at 
the LUF. It is worth noting that the proposed set of tuner positions may not be generally 
applicable for all chambers of different size or with different stirrer structure, and 
additional empirical studies should be carried out for different chambers. Thus, the 
purpose of this investigation shall be fulfilled if a better electric field uniformity can be 
achieved using the proposed non-equidistant tuner positions. 
3.2.2 Results and Discussions 









Fig. 3.2 Simulation results of the electric field distribution using: (a) equidistant tuner 
positions; (b) non-equidistant Set 1 positions; and (c) non-equidistant Set 2 positions, 
at 400 MHz with transmitting antenna parallel to x-y plane. 
The RC performance is first simulated to investigate the electric field distribution. 
Generally, the electric field uniformity can be observed and estimated by comparing 
field distribution using different tuner positions. Fig. 3.2 illustrates that, when the 
transmitting antenna is placed parallel to the x-y plane and pointed to the tuner, better 
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electric field uniformity is achieved at 400 MHz (LUF) by using non-equidistant tuner 
positions (Set 1 and Set 2) than by using equidistant tuner positions. However, there is 
no significant difference observed between the use of Set 1 and Set 2 positions. The 
transmitting antenna is then rotated 45 degrees clockwise with reference to its feeding 
point. The electric field distributions are presented in Fig. 3.3. Similarly to the previous 
scenario, the field distributions are shown to be more uniform when using Set 1 and 









Fig. 3.3 Simulation results of the electric field distribution using: (a) equidistant tuner 
positions; (b) non-equidistant Set 1 positions; and (c) non-equidistant Set 2 positions, 
at 400 MHz with transmitting antenna rotated 45 degrees clockwise. 
The advantage of using non-equidistant over equidistant tuner positions has been 
briefly illustrated in the simulated electric field distribution results. To further validate 
the observation, field uniformity is verified based on the standard deviation from the 
maximum normalised values obtained at each of the eight probe locations within the 
working volume during one tuner rotation using equation (18) described in Section 2.5. 
For transmitting antenna parallel to the x-y plane, the results of standard deviations 
of both equidistant and non-equidistant tuner positions (using Set 1 positions) from 400 
MHz to 800 MHz are presented in Fig. 3.4. It is clear that, near the LUF, e.g.,  
400 MHz and 440 MHz, the standard deviations of all three axes are below the required 
value of 3 dB for both equidistant and non-equidistant tuner positions. However, the 
standard deviation of the total data sets (24 normalised maximum values) exceeds the 
limit of 3 dB using the equidistant method at both frequency points.  
On the other hand, using non-equidistant tuner positions produces better results. At 
440 MHz, the standard deviation of the total data set is less than 3 dB, and the value 













Fig. 3.4 Equidistant and non-equidistant positions (Set 1) comparison of standard 
deviations for E-field components of eight probes for: (a) x-axis; (b) y-axis; (c) z-axis; 
and (d) total data set, with transmitting antenna parallel to x-y plane. 
standard deviations when using non-equidistant positions are 0.3 dB and 0.47 dB lesser 
than those when using equidistant tuner positions, respectively, for the total data set at 
400 MHz and 440 MHz. Meanwhile, the observation of less widely distributed electric 
field values across three axes also implies that the use of non-equidistant tuner positions 
is superior to the use of equidistant tuner positions. 
A further comparison has been carried out between equidistant positions and non-
equidistant positions using Set 2 data. Similar to the observations using Set 1 positions, 
the standard deviations using non-equidistant positions are smaller than when using 
equidistant tuner positions for the total data set at 400 MHz and 440 MHz, as illustrated 
in Fig. 3.5 (d). Nonetheless, it can be seen that for non-equidistant tuner positions, the 
standard deviations for all three axes are comparable using Set 1 and Set 2 data. There 
is no significant difference between the two sets of tuner positions while the 














Fig. 3.5 Equidistant and non-equidistant positions (Set 2) comparison of standard 
deviations for E-field components of eight probes for: (a) x-axis; (b) y-axis; (c) z-axis; 
and (d) total data set, with transmitting antenna parallel to the x-y plane. 
The transmitting antenna is then rotated 45 degrees clockwise with reference to its 
feeding point. The same testing procedures are followed as aforementioned for both 
equidistant and non-equidistant tuner positions (using Set 1 and Set 2 positions 
respectively). The comparisons are plotted and presented in Fig. 3.6 and Fig. 3.7. It can 
be observed that, when the transmitting antenna is rotated 45 degrees clockwise and 
Set 2 positions are used, the standard deviation of the total data set is the smallest of all 
the combinations of parameters, as illustrated in Fig. 3.7 (d). The value only exceeds 
the limit by 0.03 dB at 400 MHz.  
Furthermore, the lowest fluctuation in the standard deviation observed also implies 
a more stable averaging of the electric field of the three axes within the working volume. 
Thus, it is suggested that this set of parameters could be used as one of the optimal 














Fig. 3.6 Equidistant and non-equidistant positions (Set 1) comparison of standard 
deviations for E-field components of eight probes for: (a) x-axis; (b) y-axis; (c) z-axis; 













Fig. 3.7 Equidistant and non-equidistant positions (Set 2) comparison of standard 
deviations for E-field components of eight probes for: (a) x-axis; (b) y-axis; (c) z-axis; 
and (d) total data set, with transmitting antenna rotated 45 degrees clockwise. 
The field uniformity has been verified using the aforementioned non-equidistant 
tuner positions. Furthermore, it is also important to observe the tuner efficiency when 
using the non-equidistant method. In [36], the tuner efficiency is assessed by the 
number of independent samples collected over one tuner rotation. From 𝑓s (starting 
frequency) to 3𝑓s, a minimum number of twelve independent samples are required. The 
independence of the samples is verified using the autocorrelation coefficient. In this 
investigation, the critical value 𝜌0 presented in [62] is employed. 𝜌0 is defined as the 
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upper bound of the integral of the probability density function of the correlation 
coefficient, given an error probability (5% for the purposes of this thesis). The value of 
the correlation coefficient lies between -1 to 1, where -1 and 1 correspond to completely 
correlated data, and 0 corresponds to completely uncorrelated data. The correlation 


















where yi is the same series of data as xi, but is shifted by one sample to the right, e.g., 
xi = x1, x2, x3, x4…… xn-1, xn; and yi = xn, x1,  x2, x3…… xn-2, xn-1. ux and uy are the mean of the 
original received power versus tuner position data set, and n is the number of samples 
collected during one tuner rotation. To obtain the result, the received power for 
equidistant and non-equidistant tuner positions is recorded, for twelve tuner steps. The 
number of independent samples is calculated for 400 MHz, 440 MHz, 480 MHz, and 
520 MHz respectively. The correlation coefficients for both equidistant and non-
equidistant methods are tabulated against the critical value (with 95% confidence 
interval in contrast to 5% error probability). Collected samples are considered to be 
independent if the correlation coefficient between two adjacent samples is smaller than 
the critical value. Results are calculated and presented in Table 3.2. 
It can be observed that, at LUF (400 MHz), both methods are able to obtain only six 
independent samples instead of twelve. This provides an explanation for why the 
standard deviation of the total data set exceeds the limit at 400 MHz for both methods. 
At 440 MHz, the non-equidistant method is capable of obtaining twelve independent 
samples; whereas the equidistant method still has its data correlated, and only six 
independent samples can be obtained when the transmitting antenna is placed parallel 
to the x-y plane. However, when the transmitting antenna is rotated 45 degrees clock 
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Number of independent samples 
using equidistant positions with 
transmitting antenna 
Number of independent samples 
using equidistant positions with 
transmitting antenna 
parallel to x-y 
plane 
 
rotated 45 degrees 
clockwise 
 
parallel to x-y 
plane 
rotated 45 degrees 
clockwise 
Set 1 Set 2 Set 1 Set 2 
400 MHz 6 6 6 6 6 6 
440 MHz 6 12 12 12 12 12 
480 MHz 12 12 12 12 12 12 
520 MHz 12 12 12 12 12 12 
-wise from its original position, twelve independent samples can be collected using 
equidistant tuner positions. From 480 MHz, both methods are able to generate twelve 
independent samples. From the simulation results, it is observed that more independent 
samples at frequencies close to LUF range can be generated using the non-equidistant 
method, which implies that the samples collected are less correlated. Thus, MU is 
reduced since field uniformity is improved. Since a better result can be achieved using 
Set 2 non-equidistant positions with the transmitting antenna rotated 45 degrees 
clockwise with respect to its feeding point, practical measurement for result verification 
has been carried out in the chamber using the mentioned parameters.  
3.2.2.2 Measurement Results and Discussion 
The simulation results have been verified in the RC, as presented in Fig. 2.5. The 
chamber size is 2.25 x 1.95 x 2.03 m, with a working volume of 0.8 x 0.8 x 0.8 m. 
Chamber validation has been conducted using the theories and equations as provided 
in Chapter 2 in terms of chamber loading, field uniformity, and Q factor. The 
transmitting antenna is mounted on the chamber wall and pointed directly to the tuner. 
The probe is placed at eight corner positions of the working volume to collect the 
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electric field strength data. The testing procedures strictly follow those mentioned in 
[36]. During the testing in each corner position, both the probe and the receiving 
antenna are placed in a new location (the receiving antenna is always placed within the 
working volume). The tuner positions are selected as described in Section 3.2.2.1. 
Similar to the simulation procedures, the measured results are processed and presented 
in the form of standard deviations of the three axes and the total data set.  
Fig. 3.8 illustrates the consistency between the simulation and measurement results. 
The standard deviations of the electric field of the three axes and total data set are below 
the required 3 dB for both equidistant and non-equidistant methods at 440 MHz. It is 
worth noting that, during the actual measurement, the standard deviation of the total 
data set is below 3 dB for the non-equidistant method at 400 MHz, in contrast to the 
simulation result.  
On the other hand, even though the standard deviation of the total data set exceeds 
the limit at 400 MHz using equidistant tuner positions, the chamber validation is still 
considered as passed. The requirement in [36] indicates that a maximum of three 
frequencies per octave may exceed the allowed standard deviation by an amount not 
exceeding 1 dB of the required tolerance. The transmitting antenna orientation and non-
equidistant tuner positions selected for the experiment have been validated with the 
measurement results, and it is observed that this set of parameters could eventually 
improve the chamber performance in the LUF range as compared to its performance 
using the conventional equidistant tuner positions.  
Another observation is that, during the actual measurement, tuner rotation control 
for the non-equidistant method is not optimised as a longer time was taken for the 
measurement to be completed. Further work on rotation control should be carried out 
















Fig. 3.8 Measurement results of standard deviation for E-field components of eight 
probes for: (a) x-axis; (b) y-axis; (c) z-axis; and (d) total data set, with transmitting 
antenna rotated 45 degrees clockwise. 
3.3 Conclusion 
This chapter investigates the use of non-equidistant tuner positions in an RC. The 
main focus is to determine the chamber performance, in terms of electric field 
uniformity and tuner efficiency, using non-equidistant tuner positions as compared to 
the conventional equidistant tuner positions. Both simulation and measurement results 
have been discussed, and it is observed that better field uniformity at LUF can be 
achieved using non-equidistant tuner positions. The standard deviations of the electric 
field in x, y, and z directions and the total data set have been calculated, and are below 
the required limit of 3 dB using the parameters proposed in Section 3.2.2.1, with Set 2 
non-equidistant tuner positions and 45 degrees clockwise-rotated transmitting antenna. 
The chamber performance is thus improved and more independent samples can be 
generated at frequencies near LUF. The MU in the RC is substantially dependent on 
the IFU, which is inversely proportional to the square root of the independent samples 
generated by the stirrer. This implies that the MU has been reduced; thus 
reproducibility is improved using the non-equidistant method.  
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4 CHAPTER 4 CHARACTERISATION OF MEASUREMENT 
UNCERTAINTY IN A RADIATED EMISSION SYSTEM 
4.1 Background 
The major MU contributions in a radiated emission test system are presented in Fig. 
4.1. A number of research works have been carried out on radiated emission tests 
during the past decade to identify MUs associated with: 
1) antenna design and parameters (e.g., the antenna pattern influence [19], 
uncertainty due to different types of receiving antenna [63-65], the ground plane 
effect [66], and uncertainty related to antenna calibration [18, 67]);  
2) receiving apparatus (e.g., uncertainty evaluation for digital test receivers [68, 
69], optical link based receivers [70], uncertainty of measurement time [71], 
and test receiver uncertainty overview [17]); and  
3) uncertainty related to an open area test site [72, 73] or anechoic chamber [74], 
site imperfections [72-75], and test processes [11, 76, 77]. 
 
Fig. 4.1 Measurement uncertainty contributions in a typical radiated emission system 
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However, certain practical considerations in relation to the individual component 
level are absent from the existing literature. For instance, the performance of RF 
adapters is often neglected in measurements; however these adapters are likely to 
introduce unexpected errors (high insertion loss, etc.) due to manufacturing defects, 
and improper or prolonged use.  
During most calibration processes, the entire cable path, together with all the 
connectors, is calibrated so that insertion loss of the RF connectors can be properly 
compensated. However, if a defective RF connector is used between the reference cable 
and the cable under calibration, the resulting errors will be mistakenly counted as part 
of the total cable path loss and compensated for when every real measurement is 
subsequently performed. Therefore, final measurement results will be affected. Thus, 
a proper characterisation, for instance, using a vector network analyser to verify the 
performance of an RF connector, should be carried out before it is used for any 
connection purpose. Alternatively, at least a few properly working connectors should 
be maintained for connecting the reference cable and the cable under calibration during 
the calibration process. 
Lately, EMI test receivers have been recommended by CISPR, FCC, MIL-STD, EN, 
and all other standard-issuing bodies for EMC/EMI applications and tests. These test 
receivers usually consist of superheterodyne equipment which has been carefully 
designed to accurately measure the amplitude of CW or impulse signals [78]. The 
necessary requirements of the radio disturbance and immunity measuring apparatus 
and relevant methods have been well defined in CISPR 16-1-1 [79]. Most of the test 
receiver-related MU contributions can be retrieved from the test receiver’s calibration 
report, e.g., sine wave voltage variation σVSW, noise floor proximity, and σVnf.  
However, some sources of uncertainties remain which have not been identified in 
the measurement standards. For instance, signal synchronisation is often neglected 
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when using the signal generator together with the test receiver for cable calibration. It 
may sometimes be assumed that, by performing the normalisation process prior to a 
cable calibration, any error caused by the signal generator and the test receiver can be 
eliminated as both the normalisation and cable calibration processes are using the same 
settings. However, since the filter window of the test receiver may capture the wrong 
position for a given resolution bandwidth (RBW), the normalisation process is not able 
to eliminate this error. This can lead to either missing the peak value, or capturing the 
wrong peak value, with a given RBW setting. In a worst case scenario, the cable 
attenuation measurement results can have a difference of more than a few dB, with and 
without reference signal synchronisation between the signal generator and the test 
receiver. Thus, it is important for test laboratories to ensure that the reference signal is 
synchronised between the signal generator and the test receiver before both instruments 
are used for cable path attenuation measurement. 
In addition to the aforementioned suggestions for RF adapters and reference signal 
synchronisation, it is the purpose of this chapter to provide further important insight 
into the characterisation of uncertainties, of which some aspects are either absent from 
or not practically considered in the actual measurements. The results obtained in this 
chapter are intended to supplement the existing standard for the industry. 
4.2 RF Adapter 
As outlined in Section 4.1, when an RF adapter is used to connect the reference 
cable and the cable under calibration, the characteristic of the adapter may not be 
properly compensated for in the system. Furthermore, in [6], the uncertainty 
contributed by the RF adapter is not practically considered. Thus, in addition to the 
suggestion made in Section 4.1, it is of interest in this section to characterise the typical 
MU contribution of the RF adapter and to make necessary recommendations to the 
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existing standard when the adapter is used connect the reference cable and the cable 
under calibration. 
The MU of a widely used, high precision N-type to N-type RF connector (working 
frequency from DC to 18 GHz) manufactured by SRI Connector Gage Company, is 
evaluated. The insertion loss of this RF connector is measured (using a vector network 
analyser (VNA) from Rohde & Schwarz, model ZVA 40) in the frequency range from 
10 MHz to 40 GHz through R&S Network Analyser Measurement Uncertainty 
Calculation software. Thus, the MU of the network analyser is included in the 
measurement. The measurement is conducted in a controlled environment at a 
temperature of 25 ºC and a humidity level of 55% RH.  
To obtain the measurement uncertainty associated with the insertion loss, the 
measurement is repeated twenty times. The mean value of the insertion loss  ?̅?  is 
recorded, and the standard uncertainty μs which is equivalent to the standard deviation 
at different frequencies can be calculated using the following formula [80]:   
 𝜇s = √





where n is the number of measurements, 𝑥𝑖 is the result of the ith measurement; and 
the results are presented in Table 4.1. It can be seen that, as expected, the standard 
uncertainty increases with an increase in frequency. The value of the standard 
uncertainty changes markedly from 13 GHz to 18 GHz. This suggests that the 
performance of the adapter is less stable at higher frequencies. The maximum standard 
uncertainty occurs at 18 GHz, which is around 0.077 dB; thus the expanded uncertainty 
with 95% confidence interval can be obtained as: 
It is suggested that the regulatory authority consider including the 𝑈adapter  in the 
current MU budget tables as stated in [6]. Typically, the MU budget tables for EMI 
𝑈adapter = 2𝜇s ≈ 0.15 dB (24) 
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tests are segmented into different frequency ranges: for instance, 30 MHz to 1 GHz;  
1 GHz to 6 GHz; and 6 GHz to 18 GHz. The expanded uncertainties of the RF adapter 
calculated from Table 4.1 for 30 MHz to 1 GHz, and for 1 GHz to 6 GHz, are only 
0.004 dB and 0.008 dB, which are negligible. Thus, it is recommended that the 𝑈adapter 
be included in the MU budget table from 6 GHz to 18 GHz, and that the overall 
expanded MU limit for this frequency range be increased by 0.15 dB for the worst case 
consideration.  
Table 4.1 The measured insertion loss, standard deviation and standard uncertainty of 







1 0.040 0.002 
2 0.039 0.002 
3 0.045 0.003 
4 0.072 0.004 
5 0.082 0.004 
6 0.082 0.004 
7 0.089 0.005 
8 0.092 0.007 
9 0.094 0.007 
10 0.096 0.009 
11 0.096 0.014 
12 0.106 0.019 
13 0.102 0.025 
14 0.110 0.030 
15 0.131 0.039 
16 0.146 0.051 
17 0.164 0.063 
18 0.188 0.077 
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4.3 Pre-Amplifier Gain Variation 
Typically, the pre-amplifier shall be calibrated by the manufacturer, and the 
necessary data, such as the instability of the amplifier gain, shall be given in the 
calibration report. However, these given values are normally obtained at a single fixed 
temperature only. This potentially leads to a larger MU at test sites operating under 
different temperatures. It is recommended in the measurement standards that gain 
variations/instabilities due to temperature variations be taken into account; however 
detailed methods to identify the gain variations are not provided. To address this issue, 
measurement campaigns are conducted to characterise the standard uncertainty 
associated with gain variations, and a reasonable method is proposed to determine such 
uncertainty.  
Similarly to the RF adapter measurement carried out in Section 4.2, an R&S® ZVA 
40 network analyser is used in this experiment through the R&S Network Analyser 
Measurement Uncertainty Calculation software. The EUT used in the measurement is 
a pre-amplifier manufactured by R&S: model no. SCU-18D, serial no. 1747093, with 
an operating frequency from 1 GHz to 18 GHz, and a typical gain of 33 dB. The 
measurement set up is illustrated in Fig. 4.2.  
A standard TOSM calibration is performed prior to the measurements, which are 
conducted inside an environmental chamber. The EUT (pre-amplifier) is first placed 
inside the environmental chamber at room temperature (23-25 °C) and is allowed to be 
powered on for at least 30 minutes to warm up completely. The test frequency range is 
set from 1 GHz to 18 GHz, the input power level is set at 0 dBm, and the bandwidth 
and number of sweep points are set to 10 kHz and 201 respectively. To protect the 
VNA as well as the pre-amplifier, the input and output attenuations of the VNA are set 
at 30 dBm and 10 dBm. The S-parameters are measured and recorded for room 
temperature. The temperature inside the environmental chamber is then set to 40 °C, 
and the pre-amplifier is given adequate time (>30 minutes) to stabilise after the 
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temperature becomes steady. Another standard TOSM calibration is then performed at 
40 °C in order to eliminate the uncertainties contributed, due to the temperature change, 
by the part of the cable inside the environmental chamber. The S-parameters are again 






Fig. 4.2 The measurement set up: (a) overview; and (b) inside the temperature chamber, 
for the characterisation of the measurement uncertainty associated with the pre-
amplifier gain under different environmental temperatures. 
Input from VNA 







The measured gain variations at different temperatures are presented in Fig. 4.3. 
The pre-amplifiers are mostly designed using discrete components with a different 
number of stages depending on the gain. The gain temperature coefficient of an 
amplifier is generally about 0.01~0.02 dB/stage/ºC [81]. However, a properly designed 
temperature compensation circuit should be able to limit such gain variation to a certain 
value (for instance, 2 dB) over the operating temperature range.  
As expected, the gain decreases when the temperature increases. To further analyse 
the pre-amplifier gain variation, the maximum gain at different temperatures with 
reference to the gain at room temperature (25 ºC) is shown in Table 4.2. These results 
were obtained by taking the maximum difference throughout the frequency range from 
1 GHz to 18 GHz, at different operating temperatures, using data obtained from Fig. 
4.3. This table shows that, at 0 ºC, the maximum gain variation of 1.277 dB is the 
largest compared to those measured at other temperatures. 
 




Table 4.2 The maximum gain variations at different temperatures with reference to 
the values at room temperature 
Temperature 
(Celsius) 
Maximum Gain Variation  
(dB) 
Occurred Frequency  
(GHz) 
0 +1.277 2.96 
5 +0.961 1.17 
10 +0.793 1.94 
15 +0.467 12.14 
20 +0.406 11.88 
30 -0.391 11.71 
35 -0.469 11.97 
40 -0.505 11.63 
 
In addition to the pre-amplifier model which supports 1 GHz to 18 GHz, similar 
evaluations are conducted for four other models: SCU01D, SCU08D, SCU26D, and 
SCU40D. The respective frequency ranges of these pre-amplifier models are:  
1 kHz - 1 GHz; 100 MHz - 8 GHz; 18 GHz - 26.5 GHz; and 26 GHz - 40 GHz. The 
maximum gain deviations of these four pre-amplifiers have been measured and 
calculated based on the measurement results, as shown in Table 4.3. The results show 
that all four models have a similar gain variation, with a maximum value of 1.327 dB 
for model SCU40D. This further implies that, regardless of the frequency which the 
pre-amplifier supports, careful measurement is required of the maximum gain variation 
of the pre-amplifier as a ± 1 dB difference can significantly affect the measurement 
accuracy. 
Table 4.2 indicates that for operating temperatures of 15 ºC or 35 ºC, at which many 
chambers may often operate, the absolute gain variation is already above  
0.4 dB. The measurement accuracy will be greatly affected by this uncertainty 
contribution. Due to the significant parameter variations with temperature (for the pre-  
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Table 4.3 Maximum gain variation of pre-amplifiers of different frequency ranges with 
reference to room temperature 
 
amplifier gain), larger measurement discrepancies are expected at different 
temperatures. Thus, to improve the reproducibility of the measurement results obtained 
in different climate regions, measurements must be performed in the specific 
temperature environment. Since not all chambers are operating in strictly controlled 
environments, according to ISO/IEC 17025 [82] and especially those located in cold 
regions, it is important that the pre-amplifier gain variation is properly characterised if 
the tests are not performed at room temperature.  
Detailed procedures for the characterisation of pre-amplifier gain variation have 
been provided in this section. The investigation process is expected to serve as a 
guideline for the industry to characterise the pre-amplifier gain variation due to 
temperature change. The measurement results presented in this section provide 
necessary insight to the existing standard. Meanwhile, based on the results provided in 
this section, it is recommended that the regulatory authority consider adding to its 
standards the necessary details of characterising gain variations due to temperature 
changes. In this way, the MU contributed by pre-amplifier gain variation can be 
properly characterised by the industry, and measurement results across different test 




Frequency Range Maximum Gain Variation  
(dB) 
SCU01D 1 kHz – 1 GHz 0.968 
SCU08D 100 MHz - 8 GHz 1.133 
SCU26D 18 GHz – 26.5 GHz 1.076 
SCU40D 26 GHz – 40 GHz 1.327 
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4.4 Impedance Mismatch 
Impedance mismatch is considered to be one of the largest contributors to the entire 
uncertainty budget table. In the previous section, pre-amplifier gain variation due to 
temperature change is characterised. This section will further analyse the mismatch 
uncertainty contributions, between the pre-amplifier and the rest of the system, due to 
the fluctuation of the pre-amplifier’s S-parameters at different operating temperatures.  
A typical radiated emission test set up with pre-amplifier in place is illustrated in 
Fig. 4.4. The semi-anechoic chamber connection panel (CP) connector, access panel 
(AP) connector, cables, and pre-amplifier, are considered to form the two port network, 
and their S-parameters can be measured. As shown in Fig. 4.4, the S-parameter of the 
entire signal path from the antenna to the test receiver can be broken down into 
individual cascading matrices, which are those of the CP connector, AP connector, 
Cables 1-4, and the pre-amplifier. Note that the length of Cable 1 is around 50 cm. 







Fig. 4.4 Block diagram of a typical radiated emission test system with external pre-
amplifier. 
The mismatch uncertainty can be obtained from the S-parameter of the two port 
network defined above. Specifically, the following formula [6] for the mismatch 
uncertainty 𝛿𝑀 is used: 
Antenna Cable 1 
Cable 3 
AP Test Receiver 
Pre-amp 




 𝛿𝑀± = 20log10[1 ± (|Γa||𝑆11| + |Γr||𝑆22| + |𝑆12||𝑆21||Γa||Γr| + |Γa||Γr||𝑆21|
2)] (25) 
where 𝛿𝑀±  is the extreme value of 𝛿𝑀 which considers the worst case impedance 
mismatch quantity. Γa  and Γr  are the reflection coefficients of the antenna and test 
receiver respectively. Note that the S-parameters in (25) are the congregate S-
parameters for the signal path from the antenna output to the input of the test receiver.  
Several measurements have been carried out to obtain the individual S-parameters 
of the components which form the two port network. The same EUT (pre-amplifier 
SCU-18D) as mentioned in Section 4.3 is used for the investigation. The input and 
output VSWRs of the pre-amplifier are measured at different operating temperatures. 
The results are presented in Fig. 4.5 and Fig. 4.6; and it can be seen that neither the 
input nor the output VSWRs vary to any large degree at different operating 
temperatures. Generally, the variations are found to be larger at higher frequencies, 
with the maximum VSWR variation being only about 0.1. For mismatch uncertainty 
calculation, the S-parameters of the pre-amplifier measured at different temperatures 
are obtained from the gain measured in the previous section, as well as from the input 
and output VSWRs measured in Fig. 4.5 and Fig. 4.6. 
 
Fig. 4.5 The measured input VSWR of the pre-amplifier at different temperatures from 




Fig. 4.6 The measured output VSWR of the pre-amplifier at different temperatures 
from 0 ºC to 40 ºC. 
Most EMC laboratories typically operate at a temperature range from 15 ºC to  
35 ºC. Thus, it is more practical to focus on how the pre-amplifier gain variation will 
affect the mismatch uncertainty in this temperature range. Since all the S-parameters 
(except for 𝑆12 which is negligible for a pre-amplifier) increase with a decrease in 
temperature, and the maximum gain variation is almost the same when the temperature 
changes from 25 ºC to 15 ºC or 35 ºC, pre-amplifier S-parameters are selected from the 
measurement results at 15 ºC and 12.14 GHz, which corresponds to the conditions for 
the maximum gain variation in the fourth row of Table 4.2: 
 𝑆pre−amp
15 = [
0.152 + 𝑗0.05 −27.7 − 𝑗41.08
0 0.245 − 𝑗0.05
] (26) 
A further reason for selecting S-parameters at 15 ºC is that, based on the 
observations, the chamber temperature control is often not properly implemented when 
ambient temperature is cool (15 ºC ~ 20 ºC), as it is comfortable to perform tasks at 
such temperatures. Similarly, with the aforementioned conditions, the other S-
parameters of the individual components which form the two port network are 




0.039 + 𝑗0.007 0.598 + 𝑗0.69






0.047 − 𝑗0.016 0.779 + 𝑗0.026
0.779 + 𝑗0.026 0.047 − 𝑗0.016
] (28) 
  
 𝑆cp_15 = 𝑆ap_15 = [
0.006 + 𝑗0.008 0.21 + 𝑗0.956
0.21 + 𝑗0.956 0.006 + 𝑗0.008
] (29) 
 
Similarly, the pre-amplifier S-parameters at 25 ºC can be obtained as: 
𝑆Cable1_25 = [
0.038 + 𝑗0.01 0.548 + 𝑗0.73






0.048 − 𝑗0.013 0.776 + 𝑗0.08





𝑆cp_25 = 𝑆ap_25 = [
0.006 + 𝑗0.008 0.146 + 𝑗0.969







0.138 + 𝑗0.06 −22.04 − 𝑗41.45
0 0.235 − 𝑗0.05
] (33) 
 
The above S-parameter matrices can be converted into ABCD transmission matrices, 
which can be cascaded together, and the result is converted back to a congregate S-
parameter matrix. The result is shown below: 
 𝑆15 = [
0.045 + 𝑗0.18 1.958 + 𝑗21.40
0 0.237 − 𝑗0.058
] (34) 
 
 𝑆25 = [
0.008 + 𝑗0.11 −8.548 + 𝑗18.06
0 0.233 − 𝑗0.056
] (35) 
 
Substituting (34) and (35) into (25), and assuming that Γ𝑎 = Γ𝑟 = 0.2 (VSWR of 
1.5), the worst case mismatch uncertainties at 15 ºC and 25 ºC are calculated to be 0.49 
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dB and 0.43 dB, respectively. The difference in the mismatch uncertainties at these two 
temperatures is only 0.06 dB. This shows that mismatch uncertainty in the system is 
not largely affected by the gain variation, but rather affected by the values of the 
congregate S-parameters, especially S11 and S22. It is found that if both |𝑆11| and |𝑆22| 
increase by 0.1 dB in (34), the mismatch uncertainty will increase to 0.98 dB, which is 
0.55 dB higher than the uncertainty at 25 ºC.  
In conclusion, therefore, to minimise the MU contributed by mismatch, it is 
necessary to ensure that the signal path (from the antenna to test receiver) input and 
output reflection coefficients do not vary greatly at different operating temperatures. 
This can be achieved by using a properly designed pre-amplifier with minimum 
|𝑆11|and |𝑆22| fluctuation due to temperature change, and coaxial cables with excellent 
temperature stability. 
4.5 Measurement Uncertainty Calculation Software 
As mentioned in respect to the original contributions of this thesis in Section 1.4, 
some of my research results have been adopted by Rohde & Schwarz Asia, and the 
development of “Measurement Uncertainty Calculation Software” (MUCS) has been 
proposed to their software development team. The MUCS serves as a complete solution 
for MU calculation and will be the first MU calculation-aided software in the market 
based on CISPR standards. The software will have the graphical user interface (GUI) 
of the MU budget table according to [6], and intensive calculation-aided tools can be 
triggered from individual uncertainty contributions within the main GUI. The main 
GUI of MUCS is presented in Fig. 4.7. Further verification and accreditation of the 
software will be carried out by the respective authorities once its development is 




Fig. 4.7 Illustration of main user interface of MUCS 
4.5.1 AMN Impedance Uncertainty Calculation 
Some selected features of MUCS are introduced in section, as the development of 
the software is bound by intellectual property restrictions. An example, as mentioned 
in Section 1.4, is the calculation of AMN impedance δZAMN. In CISPR 16-1-2 [83], it 
is stated that all AMN shall have the impedance (magnitude and phase) versus 
frequency characteristics required in the standard (nominal impedance), with tolerance 
of ±20% for the magnitude and ±11.5º for the phase. Thus, MU occurs when the actual 
AMN impedance deviates from the nominal impedance due to the tolerance. However, 
the detailed treatment of this uncertainty is not described in [6]. Some background 
information has been provided in [84], and a circuit illustration has been presented in 
Fig. 4.8. Znom will be replaced by Zamn for a real AMN. For calculation, reflection 














where 𝑍𝐚𝐦𝐧 = 𝑍𝐧𝐨𝐦 + 𝛼|𝑍nom|𝑒
𝑗𝜃 with 0 ≤ 𝛼 ≤ 0.2, 0 ≤ 𝜃 ≤ 2𝜋. Thus, as shown in Fig. 














(1 + Γamn)(1 − Γeut)
2(1 − ΓamnΓeut)
𝑉0 (38) 
The AMN impedance uncertainty will be described as the deviation from Vamn to 











Zeut is often unknown, thus the value of Γeut is difficult to obtain. However, it is clear 
that the magnitude of Γeut cannot be greater than unity. Thus, Γeut can be written as: 
 Γeut = 𝜌𝑒
𝑗𝜑 (40) 
where 0 ≤ 𝜌 ≤ 1, 0 ≤ 𝜑 ≤ 2𝜋. It is suggested that the extreme values of (39) are likely 
to be obtained when 𝜌 = 1 and 𝛼 = 0.2 from physical consideration [84].  
 
Fig. 4.8 Circuit illustration of EUT and ideal AMN connection 
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Even though some detailed background information has been provided in [84], an 
important consideration remains absent from the existing literature. It is known that the 
actual AMN impedance magnitude and phases calibrated by the manufacturers are 
associated with MUs (calibration uncertainty); however these MUs are not considered 
in the standard or in other literature. Thus, it is important to provide a solution to the 
industry with an appropriate model of treating the MUs associated with AMN 
impedance magnitude and phase calibration.  
Based on the analysis described above, an AMN impedance uncertainty calculator 
(Microsoft Excel-based) has been developed to perform the computational intensive 
calculation as shown in Fig. 4.9. In addition to the information provided in [6], [83] 
and [84], a model has been developed for the treatment of the calibration uncertainty 
stated in the AMN impedance magnitude and phase calibration reports, which are 










Fig. 4.9 AMN impedance uncertainty calculator main GUI (Microsoft Excel-based) 
The actual AMN impedance deviation and calibration uncertainty are separately 
considered in the model. First, the actual impedance magnitude and phase deviation 
need to be calculated according to equations (37), (38) and (39) for all the frequency 
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points stated in the calibration report, as shown in Fig. 4.10. Zeut can be obtained from 
Γeut in equation (40), with 𝜌 = 1 and  0 ≤ 𝜑 ≤ 2𝜋. The absolute value of 𝑉𝐚𝐦𝐧/𝑉nom 
is calculated for 𝜑 = 0, 1°, 2° … 359°, and converted into dB format. The maximum 
and minimum values provided in Fig. 4.10 are obtained by comparing all 360 values 
and used as the two extremes of the actual AMN impedance deviation. 
Next, the worst case calibration uncertainty associated with the actual AMN 
impedance uncertainty is determined. In the calibration report, different frequency 
points are associated with different magnitude and phase uncertainty, and the 
calibration uncertainty must be evaluated for all frequency points in order to obtain the 
worst case value. For instance, the uncertainty of ±2.0 ohm and ±1 º for actual AMN 
magnitude of 46.52 ohm and phase of 4.89 º at 30 MHz is selected as an example for 
the selected AMN, as shown in Fig. 4.9. All the different combinations of magnitude 
and phase with consideration of the associated uncertainty are evaluated, using the 
nominal magnitude and phase of 50 ohm and 0.3 º at 30 MHz [83] as the reference 
value. For instance, a division factor of 20 is used for the AMN shown in Fig. 4.9. Thus, 
the step size of the magnitude and phase will be 0.2 ohm and 0.1 º when the MU of 
±2.0 ohm (magnitude) and ±1 º (phase) is considered.  
Ideally, a larger division factor is always preferred since a smaller step size will 
ensure more combinations and have a higher probability of finding the largest 
uncertainty value. However, the computational work will be much more intensive. 
With the selected division factor of 20, the magnitude will vary from 48 ohm to  
52 ohm, with a step size of 0.2 ohm. Similarly, the phase varies from -0.7 º to 1.3 º with 
a step size of 0.1 º, and both magnitude and phase have a total of 21 values. An example 




Fig. 4.10 Actual impedance magnitude and phase deviation calculation 
The first row of the data is substituted into equations (37) - (40), to replace the actual 
impedance magnitude and phase. The same evaluation procedures for finding the 
uncertainty of actual impedance deviation are followed to obtain the uncertainty values 
for 𝜑 = 0, 1°, 2° … 359°. The 360 values are then converted from linear to dB format, 
and a maximum value and a minimum value are obtained. Similar calculations are 
performed for the other 20 rows of data, and the maximum and minimum values for a 
magnitude of 48 ohm are obtained by comparing all 21 sets of data. The same 
evaluation is applied to magnitudes of 48.2 - 52 ohm with phase variation from -0.7º to 
1.3º. The obtained maximum and minimum uncertainties for different magnitudes are 
then again compared to generate the final set of maximum and minimum values for the 
particular frequency point which, in this case, is 30 MHz. The entire process is 
applicable for all the calibration frequencies stated in the calibration report, and the 
maximum and minimum values are obtained for all the frequencies as shown in Fig. 
4.11. The mean value of the actual AMN impedance deviation and calibration 















Table 4.4 An example of the evaluation of AMN impedance magnitude and phase 










48.0 -0.70 48.0 0.4 
48.0 -0.60 48.0 0.5 
48.0 -0.50 48.0 0.6 
48.0 -0.40 48.0 0.70 
48.0 -0.30 48.0 0.80 
48.0 -0.20 48.0 0.90 
48.0 -0.10 48.0 1.0 
48.0 0 48.0 1.1 
48.0 0.1 48.0 1.2 
48.0 0.2 48.0 1.3 




Fig. 4.11 Complete AMN impedance uncertainty presentation with actual impedance 
deviation and calibration uncertainty 
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maximum and minimum uncertainties respectively, and the largest mean is used as the 
final actual deviation and calibration uncertainty. The completed AMN impedance 
uncertainty δZAMN will be the root sum square of the actual AMN impedance deviation 
and calibration uncertainty.  
The calculator developed and based on Microsoft Excel has been adopted by R&S, 
and will be a plug-in of MUCS. The actual impedance, actual phase, and their 
respective uncertainties for each frequency point from the AMN calibration report, can 
be imported into the calculator. Final AMN impedance uncertainty can be immediately 
obtained with the backend processing of the data. Thus, tremendous effort can be saved 
while using the software to obtain an accurate MU result. An AMN calculator plug-in 
prototype has been developed by me based on the Microsoft Excel version, and the 
GUI is shown in Fig. 4.12. 
 




4.5.2 Mismatch Uncertainty Calculation 
Impedance mismatch is considered one of the biggest contributions towards the 
entire uncertainty budget table. It is quite computation-intensive, however, for the 
industrial laboratories to obtain this contribution. Thus, it is desirable to have an 
automated calculator which can provide all required quantities for the calculation, with 
minimal effort required from the laboratory end.  
Fig. 4.13 shows the GUI of the automated impedance mismatch calculator.  
S-parameters of the entire cable path (from antenna to the test receiver) can be obtained 
using this calculator with the VNA MU associated by correctly selecting the VNA 
settings. The impedance mismatch can then be calculated using the measured  
S-parameters and the reflection coefficients of the antenna and test receiver, according 
to equation (25). A number of repeated measurements are also supported by the 
calculator, with the repeated measurements able to be individually processed. The final 
mismatch uncertainty will be the average of all the repeated measurement results.   
 





The measurement uncertainties and possible errors associated with the RF 
connectors, test receivers, and pre-amplifiers, have been investigated in a radiated 
emission test which provides additional knowledge on the existing measurement 
standards used in the industry. It is suggested that the uncertainty of the RF connector 
used to connect the reference cable and the cable under calibration be considered for 
inclusion in the existing standard, since the uncertainty is not compensated for in the 
system. The MU associated with the pre-amplifier gain variation is found to be as large 
as 0.47 dB when the temperature changes from room temperature (25 ºC) to 15 ºC; 
therefore it is important for EMC laboratories to ensure that the tests are performed in 
the controlled environment according to ISO/IEC 17025 [82].  
Furthermore, it is recommended that test laboratories obtain characteristics of the 
pre-amplifier gain under the actual operating temperature instead of using the pre-
amplifier gain specified in the manufacturer's datasheets directly. The investigation 
procedures stated in Section 4.3 may be considered for inclusion in the existing 
standard as a guideline for the industry. Mismatch uncertainty of the radiated emission 
test system is also determined when the pre-amplifier is operating at different 
temperatures. It is shown that, as long as the input and output reflection coefficients of 
the pre-amplifier do not vary greatly with temperature changes, the mismatch 
uncertainty of the entire system will not alter significantly. 
The development of the MUCS has been proposed to software team of Rohde & 
Schwarz Asia with the adoption of some of my research results. Some features of the 
software have been introduced in Section 4.5. The MUCS serves as a complete solution 
for MU calculation and will be the first MU calculation-aided software in the market 
based on CISPR standards. 
The results obtained in this chapter have important implications for practical 
measurements and proper interpretation of measurement standards. Table 4.5 presents 
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the summary of the MU contributions discussed in this chapter, together with their 
impacts and possible treatments.   
Table 4.5 Summary of MU contributions, their impact and treatments discussed in 
this section 
Error or MU 
contribution 
Impact Treatment 
RF adapter  Uncertainty contributed by RF 
adapters used to connect 
normalisation cable and cable 
under calibration is not 
compensated for in the system. 
It is recommended that 0.15 dB 
uncertainty be considered for 
inclusion in the existing 
standard. 
Pre-amplifier gain 
variation due to 
temperature change 
Large measurement uncertainty 
due to pre-amplifier gain 
variation will occur at test sites 
operating under different 
temperatures. 
The pre-amplifier gain variation 
shall be characterised and 
accounted for at different 
operating temperatures. 
Detailed characterisation proce-
dures shall be included in the 
current standard. 
Mismatch uncertainty 
due to pre-amplifier  
S-parameter 
fluctuation 
Significant mismatch uncertainty 
will occur if there is a large 
fluctuation of the pre-amplifier’s 
S-parameters at different 
operating temperatures. 
To minimise the measurement 
uncertainty contributed by 
mismatch, it must be ensured 
that the signal path (from the 
antenna to test receiver) input 
and output reflection co-








5 CHAPTER 5 MEASUREMENT UNCERTAINTY AND ACCURACY USING 
TIME DOMAIN SCAN METHOD IN RADIATED SPURIOUS EMISSION 
MEASUREMENT 
5.1 Background 
There is a growing interest in the use of Fast Fourier Transform (FFT)-based time 
domain (TD) scan technique for radiated spurious emission (RSE) measurement in the 
industry [85-88]. This technique demonstrates an ability to perform measurements over 
a frequency range in just a few seconds, as compared to hours using the conventional 
sweep/stepped-frequency scan methods. With the publication of Amendment 1 to the 
third edition of CISPR 16-1-1 [79], the use of FFT-based measuring instruments has 
been permitted for EMI compliance measurements. Some product standards have 
included this method in their latest modifications, e.g., CISPR 13, 15 and 32 [89-91]. 
Other standards, such as CISPR 11, 12 and 25, will follow in 2016 [10, 92, 93]. 
Fundamental work on the use of TD and FFT regarding EMC emission, and compliance 
with the requirements of several standards, has also been reported by Braun and Russer 
[94].  
Although the TD scan method has proved its capability to drastically reduce the test 
time, a practical comparison of accuracy and consistency using the TD scan method 
and the conventional sweep method in RSE measurement is not reported in the existing 
literature. It is important to determine the reliability of using the TD scan technique in 
the actual RSE tests. In this chapter, the performance of both methods is compared for 
GSM 900 and GSM 1800 tests, and the standard deviation of repeated measurements 
is calculated. This section investigates the measurement accuracy of the FFT-based TD 
scan in carrying out RSE measurements, while also exploring its MU. Meanwhile, the 
work undertaken in this section also serves the purpose of providing additional 
knowledge to the industry. 
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5.2 FFT-Based TD Scan 
A block diagram of a typical test receiver with FFT-based TD scan [95] is provided 
in Fig. 5.1. The first stage is a pre-selector, which protects the input circuit of the 
receiver from overload or damage due to high out-of-band signals. The pre-selector 
also plays an important role in ensuring a correct measurement of weak disturbance 
signals in the presence of strong signals. The following stages of the receiver consist 
of a wideband IF filter, and an analogue to digital converter (ADC).  
Typically, the IF filter bandwidth is limited to a maximum of 30 MHz, which helps 
to lower the analogue to digital conversion demands. Together with the first two stages, 
the ADC must provide an adequate dynamic range to fulfil the CISPR 16-1-1 
requirement for quasi-peak measurements of pulse signals with low pulse repetition 
frequency (PRF). FFT computations are then performed to return the frequency spectra. 
Often, the FFT can be up to 16,384 frequency bins in length, which is written as 16k-
FFT [95]. One of the biggest advantages of the test receiver equipped with the FFT 
function is that multiple frequencies scanning can be performed simultaneously at a 
given measurement time, as compared to the conventional test receiver which can only 





Fig. 5.1 Block diagram of using FFT-based TD scan for a test receiver [95]  
 
Fig. 5.2 presents the concept of the TD scan based on the FFT technique [79]. The 
receiver can be illustrated to incorporate a filter bank, i.e., several thousand parallel 
filters. A large number of parallel measured values, covering the frequency range of 
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several thousand measurement bandwidths, can be obtained simultaneously. The total 
scan time can be estimated as: 
 𝑇scan = 𝑇m𝑁segment (41) 
where Tm is the measurement time for each segment, and Nsegment is the number of 
segments. For RSE measurements, the Tm selected must be the same as, or longer than, 
the measurement time/period as specified in the test standards, e.g., GSM, WCDMA, 
LTE. 
 
Fig. 5.2 Concept of FFT-based TD scan [79] 
5.3 Test Set Up and Methodology 
Fig. 5.3 shows the actual test set up for this investigation. The EUT, a test mobile 
phone, is subjected to RSE measurements based on relevant standards listed in ETSI 
EN 300607-1 Oct_2000 V8.1.1 [96]. The chamber environment is well controlled at a 
temperature of 24 ºC and a humidity level of 57% RH. An R&S® CMW500 Wideband 
Radio Communication Tester is used to establish a connection between the standard 
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signal source and the test mobile phone, i.e., uplink or downlink. Two types of RSE 
measurements are carried out for GSM 900 and GSM 1800 bands. The first 
measurement is based on the conventional frequency sweep, while the second 
measurement is carried out using the FFT-based TD scan.  
In the sweep mode, a specific number of measurement points are defined for each 
frequency subrange to meet the RBW requirements. According to the standard ETSI 
EN 300607-1, the measurement time at any frequency shall be such that it includes the 
time during which the Mobile Station (MS) receives a TDMA frame containing the 
paging channel, i.e., 4.6 milliseconds. Hence, the sweep time of each subrange is set 
such that the measurement time of each frequency point is at least 4.6 milliseconds. 
 
Fig. 5.3 Actual investigation set-up in a semi-anechoic chamber 
In the TD scan mode, frequency segments are processed in parallel configuration, 
depending on the RBW of each subrange. Similarly to the conventional sweep method, 
the measurement time for each segment is set based on the test time requirements 
specified in the standards. In this investigation, the measurement time of each segment 
is set as 20 milliseconds. The tests performed are: 
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• auto-test using sweep for preview (R&S® FSV40) and single measurement in zero 
span mode (R&S® FSV40) for the final measurement.  
• auto-test using TD scan for preview (R&S® ESR26) and stepped frequency scan 
(R&S® ESR26) for the final measurement.  
The settings of both sweep and TD scan measurements (i.e., RBW, sweep time, etc.) 
are based on GSM 900 and GSM 1800 standards [96], as shown in Table 5.1 and Table 
5.2. 
Table 5.1 R&S®  FSV40 parameter specifications in sweep mode 
 
Table 5.2 R&S®  ESR26 parameter specifications in TD mode 
Sampling rate 128M sample/s 
Resolution 16 bit 
FFT length 16 384 
FFT window Gaussian 
FFT overlap factor  ≥ 80 % 
Spectrum (FFT) processing rate 250000/s (Span = 40 MHz) 
Minimum detectable signal duration 25 ns (nom.) (span = 40 MHz, SNR > 60 dB) 
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5.4 Results and Discussions 
5.4.1 GSM 900 Test Result 
Fig. 5.4 and Fig. 5.5 present the RSE measurement results for GSM 900 (TX Mode) 
from 30 MHz to 6 GHz. Due to a change in receiving antenna set up, the measurements 
are divided into two different frequency ranges: 30 MHz to 3 GHz (using a hybrid 
BiConiLog antenna), and 3 GHz to 6 GHz (using a horn antenna). Table 5.3 presents 
two repeated final measurements for each test (Run 1 and Run 2). As shown in the table, 
the final measurement data of the two methods are comparable, with a maximum 
deviation of 2.42 dB at the first harmonics of the uplink frequency (i.e., 1804.8 MHz). 
The measurement deviations at other harmonics are within 1.5 dB. These deviations 
could be attributed to the sporadic nature of the emission signals at these harmonic 
frequencies. Further explanation is provided in Section 5.4.3.  
 
 






Fig. 5.5 RSE preview measurement for GSM 900 TX Mode (3 GHz to 6 GHz) 
 
 
Table 5.3 Measurement data for GSM 900 RSE TX Mode 
 
 
Run 1 (Sweep) Run 2 (Sweep) 
Frequency (MHz) Max Peak (dBm) Frequency (MHz) Max Peak (dBm) 
1804.942 -38.61 1804.653 -37.09 
2706.914 -36.45 2707.352 -36.63 
3609.183 -39.65 3609.498 -39.52 
4512.099 -42.57 4512.438 -43.65 
5414.514 -38.30 5414.487 -39.54 
 
Run 1 (TD Scan) Run 2 (TD Scan) 
Frequency (MHz) Max Peak (dBm) Frequency (MHz) Max Peak (dBm) 
1804.639 -36.19 1804.993 -36.14 
2706.575 -36.91 2707.576 -36.17 
3609.977 -38.92 3609.298 -39.64 
4511.667 -43.14 4511.805 -42.92 
5414.208 -39.46 5413.977 -39.62 
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As shown in Fig. 5.6 to Fig. 5.10, the preview measurement results are comparable 
for the conventional and TD scan methods. It is noted that the noise floor of the sweep 
method is higher than that of the TD scan method at certain frequency ranges. This is 
primarily due to the different measurement bandwidths (IFBW) of the two methods. 
For instance, at frequencies between 500 MHz to 850 MHz, and between 945 MHz to 
6000 MHz, the IFBW of sweep and TD scan methods are 3 MHz and 1 MHz, 
respectively.  
In ETSI’s GSM standard, an IFBW of 3 MHz is required to conduct the  
GSM 900’s RSE measurements for the aforementioned frequency ranges. In this 
experiment, the maximum IFBW that an R&S® ESR26 can achieve when operating in 
the TD scan mode is 1 MHz. Nonetheless, the use of a smaller IFBW in the TD scan 
approach lowers the noise floor; thus increasing the measurement sensitivity for 
detecting lower spurious emissions of the signals.  
 
Fig. 5.6 RSE preview measurement for GSM 900 TX Mode (zoom at first harmonics 





Fig. 5.7 RSE preview measurement for GSM 900 TX Mode (zoom at second harmonics 
of uplink frequency: 2707.2 MHz) 
 
 
Fig. 5.8 RSE preview measurement for GSM 900 TX Mode (zoom at third harmonics 





Fig. 5.9 RSE preview measurement for GSM 900 TX Mode (zoom at fourth harmonics 
of uplink frequency: 4512.0 MHz) 
 
 
Fig. 5.10 RSE preview measurement for GSM 900 TX Mode (zoom at fifth harmonics 






5.4.2 GSM 1800 Test Result 
The RSE measurement results for GSM 1800 (TX Mode), from 30 MHz to 6 GHz, 
have been presented in Fig. 5.11 and Fig. 5.12. Similarly to GSM 900, the preview 
measurement results of GSM 1800 are comparable for the conventional and TD scan 
methods. For brevity, the zoom-in measurement results at each harmonic of the uplink 
frequencies of GSM 1800 are not provided.  
Two repeated final measurement results (Run 1 and Run 2) are presented in Table 
5.4. As illustrated in the table, the final measurement data of the two methods are 
comparable with a maximum deviation of 2.01 dB at the fourth harmonic of the uplink 
frequency (i.e., 10486 MHz). An exception is observed for the second harmonic, in 
which a deviation of 9 dB is observed in Run 1 of the TD scan compared to Run 1 of 
the sweep. It can be assumed that this measurement is a one-off reading due to the 
intermittent nature of the emission signals. To validate this assumption, further 
investigation is carried out using a stable noise source. Relevant details of this 
investigation are provided in Section 5.4.3.  
 





Fig. 5.12 RSE preview measurement for GSM 1800 TX Mode (3 GHz to 12.75 GHz) 
 
Table 5.4 Measurement data for GSM 1800 RSE TX Mode 
 
Run 1 (Sweep) Run 2 (Sweep) 
Frequency (MHz) Max Peak (dBm) Frequency (MHz) Max Peak (dBm) 
3495.807 -45.32 3496.015 -46.02 
5243.457 -37.57 5242.938 -43.21 
6990.805 -30.35 6991.415 -30.19 
10487.025 -41.60 10485.655 -39.59 
 
Run 1 (TD Scan) Run 2 (TD Scan) 
Frequency (MHz) Max Peak (dBm) Frequency (MHz) Max Peak (dBm) 
3495.730 -45.38 3495.784 -45.24 
5242.753 -46.60 5243.523 -40.55 
6991.290 -29.47 6991.030 -29.34 
10486.475 -39.77 10486.681 -40.63 
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5.4.3 Result Verification using Stable Noise Source 
In Section 5.4.1 and 5.4.2, it is postulated that the emission signals at the harmonics 
of uplink frequencies may be intermittent, and that this may cause certain deviations 
for the measurements using the sweep and TD scan methods. For verification purposes, 
additional RSE measurements are carried out using a stable noise source. The selected 
stable noise source is a comb generator emitter, model CGE01C, which has a step size 
of 50 MHz and operates from 50 MHz to 18 GHz. It is found that the measured signal 
levels using both methods are comparable, with a maximum deviation of around 0.5 
dB. This minor deviation could be due to the different IFBWs implemented by the two 
methods. Nonetheless, when the IFBW settings are the same for both methods, i.e., 1 
MHz, the detected signal levels using the sweep and the TD scan methods are fairly 
consistent, as shown in Fig. 5.13 and Fig. 5.14. 
 
Fig. 5.13 RSE measurement using stable noise source based on IFBW of 1 MHz – 





Fig. 5.14 RSE measurement using stable noise source based on IFBW of 1 MHz – 
zoom in measurement at 5700 MHz 
Consistent with the results discussed in Section 5.4.1 and 5.4.2, the TD scan method 
is proven to be capable of achieving a degree of measurement accuracy which is 
comparable to the conventional sweep method. The IF bandwidth requirements for the 
measuring apparatus (e.g., test receiver) stated in [79] is often achieved using a 
Gaussian-type filter characteristic in the frequency domain. Consequently, the TD scan 
technique uses Gaussian-type windowing in the time domain when calculating the FFT, 
since the Fourier transform of a Gaussian function in the frequency domain is also a 
Gaussian function in the frequency domain. Thus, the IF bandwidth requirement in the 
frequency domain is perfectly met in the time domain. Furthermore, the leakage effect 
can be minimised to a negligible level [97].  
The step size between two adjacent frequency bins in the TD scan method is selected 
to be one quarter of the IF bandwidth, which is the optimum value in terms of the 
amount of the sampled data and amplitude error due to the picket fence effect. Since 
the conventional sweep method typically uses a step size of one third of the IF 
bandwidth, the amplitude when using the TD scan method is often lower. The overlap 
of the Gaussian-type window in the TD could be as high as 90% for broadband-
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impulsive or mixed signals. With the high degree of window overlap, only minimal 
measurement error is expected; and the worst case amplitude error is 0.4 dB between 
the lowest and highest points of the amplitude ripple [97]. For a minimal pulse width, 
the theoretical average amplitude error is only 0.09 dB. The practical error which 
depends on the pulse duration is typically even smaller.  
5.4.4 Uncertainty through Repeatability Study 
Another area which has been explored is the MU contribution by the FFT-based TD 
scan method, as compared to contribution by the conventional method through 
repeatability study. Both methods use the same set up and measuring equipment, with 
the exception of the receiver (i.e., spectrum analyser and EMI test receiver). MU using 
the TD scan method has been briefly discussed in [98]. The discussion reveals that the 
MU is substantially dependent on the overlapping of the window of single impulses 
during dwell time. A larger MU can be introduced if there is no overlapping in the 
measurement system.  
In this section, a system level uncertainty comparison is conducted, through 
repeatability evaluation, between the TD scan method and the conventional sweep 
method. Repeated measurements are conducted using both methods for the GSM 900 
and GSM 1800 band tests, using the same test set up. For the GSM 900 test, the average 
of the peak value, as well as the standard deviation of the peak value, for repeated 
measurements is presented in Table 5.5 and Table 5.6. Due to time constraints, only 
ten repeated measurements are conducted. If time had allowed, additional 
measurements could have been conducted in order to achieve a more accurate result.  
It is observed that the average value (over ten repeated measurements) for the sweep 
and TD scan methods has a maximum deviation of approximately 1 dB at the first 
harmonic. This indicates that the TD scan method's accuracy is consistent with that of 
the conventional sweep method. Furthermore, the standard deviation of the TD scan 
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method is also comparable to that of the conventional sweep method. These results 
imply a comparable consistency and repeatability for both methods.   
 Table 5.5 Average peak value for ten repeated measurements for GSM 900 test 
 
Table 5.6 Standard deviation of peak value for ten repeated measurements for GSM 
900 test 
 
A similar study is also carried out for the GSM 1800 test; with the average of the 
peak value of ten repeated measurements presented in Table 5.7, and the standard 
deviation of the peak value presented in Table 5.8. The same conclusion can be 
obtained for the GSM 1800 test as for the GSM 900 test; the accuracy when using the 
TD scan method is acceptable, with a maximum difference of 1.38 dB when compared 
to the sweep method. 
Sweep (ten repeated measurements) TD Scan (ten repeated measurements) 
Frequency (MHz) Average Peak (dBm) Frequency (MHz) Average Peak (dBm) 
1804.942 -37.88 1804.653 -36.89 
2706.914 -36.52 2707.352 -36.68 
3609.183 -39.70 3609.498 -39.89 
4512.099 -43.44 4512.438 -43.52 
5414.514 -39.28 5414.487 -39.47 
Sweep (ten repeated measurements) TD Scan (ten repeated measurements) 
Frequency (MHz) Standard Deviation 
(dB) 
Frequency (MHz) Standard Deviation 
(dB) 
1804.942 0.34 1804.653 0.10 
2706.914 0.11 2707.352 0.19 
3609.183 0.09 3609.498 0.22 
4512.099 0.21 4512.438 0.08 
5414.514 0.18 5414.487 0.12 
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Table 5.7 Average peak value for ten repeated measurements for GSM 1800 test 
 
Table 5.8 Standard deviation of peak value for ten repeated measurements for GSM 
1800 test 
5.5 Conclusion 
The data presented in this chapter provide important contributions to the industry 
by proving that measurement results obtained using the TD scan method are 
comparable to those of the conventional frequency sweep method, given the same 
IFBW settings for RSE measurement. For verification purposes, additional 
measurements are carried out using a stable noise source, and it is found that the 
measured signal levels using both methods are comparable. The reasons the received 
frequency spectrum in the TD scan method matches the spectrum detected with the 
Sweep (ten repeated measurements) TD Scan (ten repeated measurements) 






3495.807 -45.89 3495.730 -45.69 
5243.457  -41.90 5242.753 -43.28 
6990.805 -30.40 6991.290 -29.59 
10487.025 -40.44 10486.475 -40.32 









3495.807 0.29 3495.730 0.11 
5243.457 0.49 5242.753 0.63 
6990.805 0.11 6991.290 0.10 
10487.025 0.18 10486.475 0.21 
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conventional method are briefly analysed and discussed, and the discussion supports 
the measurement results obtained in this chapter. Furthermore, it is demonstrated, 
through repeated measurements, that the consistency and repeatability of using the TD 





6 CHAPTER 6 CONCLUSION AND FUTURE WORK 
6.1 Conclusion 
In the first part of the thesis, an RC is introduced as an alternative EMC test facility. 
Some important theories and parameters of the RC have been discussed to ensure the 
feasibility of using RC for EMC applications. These parameters are also important for 
the characterisation of measurement uncertainty in the RC. A new approach of using 
non-equidistant tuner rotation in an RC is also presented. The main focus is to find out 
the chamber performance in terms of electric field uniformity and uncertainties with 
reference to the conventional equidistant tuner rotation method. Simulation and 
measurement results have shown that better field uniformity at LUF can be achieved 
using non-equidistant tuner positions. The standard deviations of the electric field in x, 
y and z directions as well as the total data set have been calculated which are smaller 
as compared to the conventional method. With the increased number of the independent 
samples generated by the stirrer at the frequencies near to LUF, the measurement 
uncertainty which substantially depends on IFU has been reduced thus reproducibility 
is improved. However, it is realised that there is a disadvantage using the proposed 
method in the industry as most of the system control software have yet to be optimized 
for ease of using non-equidistant tuner rotation as compared to the conventional method. 
The measurement uncertainties and possible errors associated with the RF 
connectors, test receivers, and pre-amplifiers in a radiated emission test have been 
investigated. Additional knowledge has been provided to the existing measurement 
standards used in the industry. It is suggested that the uncertainty of the RF connector 
used to connect the reference cable and the cable under calibration be considered for 
inclusion in the existing standard, since the uncertainty is not compensated for in the 
system. The measurement uncertainty associated with the pre-amplifier gain variation 
is found to be as large as 1.277 dB when the temperature changes from the room 
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temperature (25 ºC) to 0 ºC. Mismatch uncertainty of the radiated emission test system 
is also determined when the pre-amplifier is operating at different temperatures. It is 
shown that as long as the input and output reflection coefficients of the pre-amplifier 
do not vary much with temperature, mismatch uncertainty of the entire system will not 
change significantly. The results obtained in this study have significant contributions 
to the industry by providing important implications for practical measurements and 
proper interpretation of measurement standards.  
The development of “Measurement Uncertainty Calculation Software” has been 
proposed to the industrial partner Rohde & Schwarz Asia. The purpose for this software 
is to enable EMC labs which follow commercial EMC standards to calculate their MU, 
without the need for additional manpower from the labs. It will ensure that the test 
reports adhere to the standards’ requirements by appending the MU calculation to the 
EMC measurement results as a separate chapter or appendix. Important findings in my 
research work have been incorporated into the software, such as preamplifier gain 
variation due to temperature change, AMN impedance and the in-depth interpretation 
of the MU contributions from the standard. This software also serves a purpose of 
establishing a link between the research work and the industry application.  
The use of an FFT-enabled TD scan method for RSE measurement has been 
discussed in this thesis. The comparison of accuracy and consistency using the TD scan 
method and the conventional sweep method is conducted for GSM 900 and GSM 1800 
tests. It is proved that measurement results obtained using the TD scan method are 
comparable to that of the conventional frequency sweep given the same IFBW settings. 
The consistency and repeatability of using the TD scan method is also comparable to 
the conventional method through repeated measurements. This work serves a purpose 
to provide additional knowledge to the industry on the reliability and measurement 
uncertainty (through repeatability study) of the TD scan method. 
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6.2 Future Work 
The results demonstrated in this thesis provide additional information for the 
characterisation measurement uncertainty to the industry. Some of the important 
parameters have been discussed which are not clearly defined in the standards. 
However, it is believed that there are still areas which need to be taken care of, such as 
uncertainty contributions which test labs are not familiarized with. In addition, 
automotive and military standards still have not yet adopted measurement uncertainty 
as part of the requirements. This could come from the below two factors: 1) there is 
less stringent requirement in some test equipment, e.g. transducers leads to bigger 
measurement uncertainty. Thus it is difficult to set an uncertainty budget. 2) 
Automotive and military tests are sometimes more complicated than commercial tests 
and tremendous effort is required to provide comprehensive coverage on the 
uncertainty contributions for the test standards. However, it is still of interest to look 
into these undefined areas and be able to provide some insightful knowledge to the 
industry and the regulatory authorities in my future works.  
Furthermore, during my research work towards the uncertainty characterisation, 
certain limitations regarding workmanship, hardware and software capability has been 
identified. It is hoped the works done can further educate the lab operators so as to 
reduce the potential measurement errors and uncertainties in their day to day 
measurement routines. Meanwhile, it is hoped that further assistance can be rendered 
to the industry to improve some of the hardware and software limitations, thus adequate 
functions may be available in the tests. After all, it is the principle of the Industry Ph.D. 
Programme to solve the existing industry problem, provide in-depth knowledge to the 
industry and establish a link between the research works and industry applications.  
As mentioned in Section 1.4, my research work has been adopted by Rohde & 
Schwarz Asia, and a new software named “Measurement Uncertainty Calculation 
Software” is in the midst of development. The software has adopted some of the results 
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and findings from this thesis as the foundation of the uncertainty database. It will 
greatly reduce the time and resources for the test houses to identify their measurement 
uncertainty. Future works are still needed to further interpret the standard and provide 
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My research work has been adopted by Rohde & Schwarz Asia, the proposal of the 
development for a new software named “Measurement Uncertainty Calculation 
Software” has been approved by the board of directors. The software currently is in the 
midst of development. I’m the project leader engineer (PLE) and currently leading the 
software development team to provide them with necessary information such as 
standard interpretation, uncertainty contribution formulation, uncertainty 
characterisation methods which are not stated in the standard in detail, etc. The software 
has incorporated some of the results and findings in my research work as the foundation 
of the uncertainty modelling as well as to enrich its database. With the availability of 
the software in the industry in the due time, it will greatly reduce the time and resources 
for the test houses to identify their measurement uncertainty. I am proud that the 
research work can be applied to the industry.   
 
